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FOREWORD 

1.  The  U.  S.  Array  Engineer  District,  Savannah  (SAS)  and  the  Waterways  Ex- 
periment Station  (WES)  were  authorized  to  conduct  this  study  by  the  Direc- 
torate of  Civil  Works,  Chief  of  Engineers,  U.  S,  Array,  Washington,  DC. 

2.  This  report  was  prepared  in  response  to  rapidly  changing  earthquake 
technology.  This  changing  technology  has  prompted  a proposed  engineering 
regulation  which  will  require  assessment  of  earthquake  hazards,  including 
static  and  dynamic  stability,  in  the  design  of  certain  new  dams  and  exist- 
ing dams. 

3.  The  report  was  prepared  by  Drs.  E.  L.  Krinitzsky  and  Richard  J.  Lutton 
(WES)  and  Mesrs.  Earl  F.  Titcomb,  Jr.,  and  William  E.  Hancock  (SAS).  Con- 
sultants for  this  study  were  Rev.  Louis  Eisele,  S.J.,  Spring  Hill  College, 
Dr.  David  T.  Snow,  Colorado  School  of  Mines,  Dr.  Leland  Timothy  Long, 
Ceorgia  Institute  of  Technology,  Dr.  Otto  W.  Nuttli,  Saint  Louis  Univer- 
sity, Dr.  David  B.  Slemmons,  University  of  Nevada,  and  Dr.  Pradeep  Talwani, 
University  of  South  Carolina.  The  report  dealing  with  analyses  of  earth- 
quake recurrence  in  the  region  was  prepared  by  Dr.  C.  Allin  Cornell, 
Massachusetts  Institute  of  Technology,  a theoretical  analysis  of  induced 
seismicity  was  prepared  by  Dr.  David  T.  Snow,  the  upper  bounds  magnitude  of 
the  maximum  "induced"  earthquake,  Clark  Hill  Lake  area  was  prepared  by 
Dr.  L.  Timothy  Long.  Thanks  are  extended  to  the  numerous  geologists  who 
contributed  ideas  and  resources  to  aid  this  study,  in  particular,  Sam 
Pickering,  Georgia  State  Geologist  and  Norman  Olsen,  South  Carolina  State 
Geologist,  Dr.  Villard  S.  Griffin,  Jr.,  Dr.  Robert  D.  Hatcher,  Jr.,  Clemson 
University,  David  E.  Howell,  South  Carolina  State  Development  Board, 
Dr.  Donald  Secor,  University  of  South  Carolina,  Drs.  B.  J.  O'Connor  and 
D.  C.  Prowell,  U.S.G.S. 


4.  Also  cooperating  in  the  study  was  Mr.  William  K.  Thompson,  Chief, 
Foundation  and  Materials  Branch,  Savannah  District,  Dr.  James  Erwin,  Divi- 
sion Geologist,  South  Atlantic  Division,  and  Mr.  Norman  Dixon,  Directorate 
of  Civil  Works  Office,  Chief  of  Engineers,  U.  S.  Army,  Washington,  DC, 
Colonel  C.  H.  Hilt,  CE,  and  Mr.  F.  R.  Brown  were  Director  and  Technical 
Director,  WES,  respectively. 


wsirw’.- 


ttSIB'.’  £ v:;; 


FRANK  WALTER 

Colonel,  Corps  of  Engineers 
District  Engineer 
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SUMMARY 


No  evidence  of  active  faults  is  present  in  the  general  are.a  of  the  Richard 
B.  Russell  dvnsite.  It  is  concluded  that  the  faults  which  are  present 
arc  all  ancient  and  inactive.  Present  day  tec  con  ism  indicates  that 
moderate  earthquakes  occur  in  the  Piedmont  and  adjacent  regions.  Severe 
earthquakes  have  been  restricted  to  the  vicinity  of  Charleston,  South 
Carolina.  The  faults  arc  obscured  by  Coastal  Plain  sediments.  Motions 
attenuated  from  Charleston  to  the  Richard  B.  Russell  dams  it c are  low  with 
the  distance  being  about  170  miles. 

Four  seismic  risk  zones  were  assigned.  These  are  the  Blue  Ridge,  Piedmont, 
Coastal  Plain,  and  Char leston-Summervil le  zones.  The  peak  motions  for 
bedrock  were  determined  by  the  panel  to  be  accelerations  of  0.4  to  0.5g, 
velocities  of  30  to  45  cm/sec  and  displacements  up  to  approximately  20  cm, 
with  a 5 sec  duration.  At  the  Richard  B.  Russell,  site,  this  corresponds 
to  a magnitude  of  5.5  on  the  Richter  scale.  (Design  earthquakes  define 
the  ground  motion  at  the  site  of  the  structure  and  form  the  bases  for 
dynamic  response  analyses.  Generally,  several  design  earthquakes  are 
investigated,  for  both  the  maximum  earthquake  and  the  operating  basis 
schedule.)  A group  of  time  histories  were  selected  for  rescaling. 

For  purposes  of  design,  the  most  conservative  (the  safest)  approach  assumes 
that  the  maximum  earthquake  (the  severest  earthquake  believed  to  be 
possible  at  a site  on  the  basis  of  geological  and  seismological  data) 
wil 1 occur  under  the  dam.  Though  a maximum  induced  earthquake  can  be 
postulated,  equal  to  the  maximum  seen  in  the  historic  seismicity  over 
comparable  portions  of  eastern  United  States,  there  are  no  reliable  and 
proven  methods  within  the  present  state-of-the-art  to  predict  whether  or 
not  an  induced  earthquake  will  occur.  The  study  by  Dr.  Snow  shows  that 
the  geologic  stress  field  at  the  project  site  is  computable  with  initiating 
activity.  The  historic  record  for  the  large  number  of  reservoirs  in  eastern 
United  States  shows  that  only  a small  percentage  of  the  reservoirs  (4  of  59 
in  the  Piedmont)  may  have  induced  activity  and  those  earthquakes  have  a 
maximum  magnitude  of  4.5.  The  analysis  of  Dr.  Long  suggests  that  a maximum 
induced  earthquake  for  the  Piedmont  is  about  magnitude  5.6.  If  seismicity 
were  induced  near  the  reservoir,  the  experience  shown  in  4 of  59  Piedmont 
reservoir  areas,  indicates  the  maximum  magnitude  would  be  much  lower  than 
5.5,  probably  in  the  3.5  to  4.5  range.  Consequently,  for  the  purpose  of 
dam  safety  and  design,  a conservative  analysis  is  to  assume  that  an  induced 
earthquake  will  occur,  and  it  will  have  a maximum  magnitude  of  5.5,  with 
a shallow  hypocenter  at  the  damsitc. 


REPORT  SUMMARY  AND 
STATEMENT  FROM  THE 
CONSULTANTS 


17  March  1977 


A probability  of  recurrence  study  showed  that  the  operating  earthquake 
has  an  acceleration  of  0.075g  (0.01  annual  risk).  The  operating  basis 
earthquake  is  generally  more  moderate  than  the  maximum  earthquake.  It 
is  selected  on  a probabilistic  basis  from  regional  and  local  geology 
and  seismology  studies  as  being  likely  to  occur  during  the  life  of  the 
project;  in  this  case,  100  years.  In  this  instance,  this  peak  ground 
acceleration  is  considerably  smaller  than  the  design  v^lue  of  the 
Richard  B.  Russell  Dam.  In  other  words,  the  damu’-4sL  cfe signed  to  with- 
stand an  earthquake  several  times  stronger  than  would  be  likely  to  occur 
during  its  useful  life. 


Dr.  C.  Allen  Cornell 
Dr.  DavidTsnow 
Dr.  Otto  W.  Nuttli 
Dr.  David  B.  Slemmons 
Dr.  Leland  Timothy  Long 
Dr.  Pradeep  Talwani 
Fr.  Louis  Eiseie(  s.  J. 


Absentia 

See  statement  of  consultant 
in  lieu  of  attendance 


I approve  of  the  summary  with  respect  to  its  accuracy  in  reflecting  the 
material  on  seismic  risk  analysis  which  I contributed  as  a consultant  to 
the  U.S.  Army  Corps  of  Engineers. 


C.  All  in  Cornell 
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PART  I - INTRODUCTION 


Ceneral 

1.  The  Richard  B.  Russell  Damsite  is  170  miles  from  the  intense 
earthquake  which  occurred  in  1886  at  Charleston,  South  Carolina,  and 
approximately  19  miles  from  the  nearest  sizablp  local  earthquake  which 
occurred  in  1875  near  Lincolnton,  Georgia.  The  historic  record, 
dating  back  to  1698,  includes  seventeen  moderate  earthquakes  within 
the  Savannah  River  Basin  above  the  Fall  Line.  Approximately  16  earth- 
quakes of  intensity  greater  than  Modified  Mercalli  V (MM-  Scale)  have 
occurred  in  the  Piedmont  and  Blue  Ridge  seismotectonic  provinces  as 
defined  by  Hadley  and  Devine  (1974).  Although  the  seismicity  of  a 60- 
mile  radius  area  around  the  damsite  has  been  very  moderate,  the  two 
most  severe  events  only  produced  damage  to  the  most  poorly  built  and 
badly  designed  structures.  The  Richard  B.  Russell  Damsite  was  care- 
fully evaluated  for  seismic  risk  because  it  falls  within  Seismic  Zone 
2 of  Algermissen  (1969)  and  the  great  severity  of  the  Charleston 
earthquake. 

Objectives 

2.  This  study  undertook  to  provide  a review  of  the  tectonism,  fault- 
ing and  present  activity  of  faults,  earthquake  recurrence,  question  of 
induced  seismicity,  and  the  significance  of  the  seismic  history  in  the 
region.  Design  Earthquakes  were  determined  along  with  their  appropri- 
ate ground  motion  for  bedrock  at  the  damsite. 
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PART  n - GENERAL  GEOLOGY 

Phy s iog raphv 

3.  The  Richard  B.  Russell  ham  and  Lake  is  sited  in  the  Piedmont 
Physiographic  Province.  The  general  relation  of  the  site  to  the  Pied- 
mont, Coastal  Plain  and  Appalachian  Mountains  is  shown  in  Figure  1. 
The  terrain  is  broadly  rolling  but  generally  the  surface  decends 
gently  towards  the  south  and  southeastward  witli  the  valley  of  the 
Savannah  River.  This  upland  surface  is  the  Washington  Plateau  in 
Georgia  (LaForge  1925),  the  Laurens  slope  of  South  Carolina,  or  the 
Winder  Slope  (Clark  and  Ziza,  1977).  Rounded  stream  divides  have 
approximate  elevations  of  700  to  1,000  feet  m.s.l.  and  narrow,  shallow 
valley  bottoms  have  elevations  of  350  to  500  feet  m.s.l.  A few  monad- 
nock  hills  have  relief  approaching  100  to  200  feet  above  the  general 
terrain  (e.g.  Parsons  Mtn. , Little  Mtn.).  Such  knobs  have  been  ex- 
plained by  greater  resistance  to  erosion. 

4.  The  Savannah  River  and  its  tributaries,  Broad  River  and  Rocky 
River,  make  up  the  major  drainage  system  (Figure  2).  The  Savannah 
drainage  is  bordered  by  the  headwater  tributaries  of  the  Oconee  River 
on  the  southwest  and  the  Saluda  River  on  the  northeast. 

5.  The  overall  pattern  of  the  network  is  apparently  a result  of 
superimposed  drainage.  Major  streams  southeast  of  the  Brevard  Zone 
(Figure  1)  are  dendritic,  while  along  and  northwest  of  the  Chauga 
belt,  steams  have  a trellis  drainage  related  to  underlying  geological 
structure.  Staheli  (1976)  believes  that  in  the  southeastern  Piedmont, 
consequent  streams  developed  a dendritic  drainage  on  a Coastal  Plain 
surface  of  Oligocene  time.  Since  this  time,  they  have  been  superposi- 
tioned  across  Piedmont  rocks.  Many  believe  there  is  little  validity 
in  the  concept  of  peneplanat ion  in  the  development  of  the  Piedmont 
upland  surface.  Crustal  instability  in  the  southern  Appalachian  Moun- 
tains has  prevented  peneplanation  from  occurring.  It  should  remain  an 
open  possibility  that  the  land  has  responded  to  other  unexplored  fac- 
tors in  developing  the  accordant  ridges  and  drainage  patterns. 

6.  A few  small  stream  terraces  found  in  this  study  along  Clark  Hill 
Lake  and  the  riparian  Savannah  River  indicate  through  the  presence  of 
kaolin  clayey  gravel  and  sand  overlain  by  manganese  nodular  saprolite 
that  the  terrace  material  may  have  been  of  greater  antiquity  than 
Pliestocene.  Manganese  nodular  saprolite  has  been  though  to  be  as  old 
as  Cretaceous  and  as  young  as  early  Pliestocene. 

Regional  Stratigraphy 

7.  Stratigraphy  in  this  area  is  poorly  understood  due  largely  to 
intense  metamorphism,  lack  of  marker  beds,  complex  folding  and  fault- 
ing and  saprolization.  (See  Figures  3,  4,  and  6 for  the  stratigra- 
phy.) Accordingly,  this  review  has  relied  principally  upon  work 
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listed  in  Table  1.  Stratigraphy  is  presented  in  terms  of  lithology  as 
opposed  to  formational  names  because  of  the  lack  of  detailed  strati- 
graphic information.  Additional  stratigraphy  was  developed  in  field 
studies  and  is  used  in  this  report. 

8.  Figure  5 and  Maps  1 and  2 (maps  1 and  2 are  missing  from  insert 
pocket)  illustrate  the  general  geology.  The  section  consists  of 
approximately  124  km.  (412,000  feet)  of  metamorphosed  sedimentary  and 
volcanic  rocks  intruded  by  granite,  gabbro,  and  serpentine  and  posses- 
sing highly  mobilized  cores  of  gneiss  with  migmatitic  flanks.  Meta- 
volcanic  rocks  intruded  by  gabbro  and  injected  by  gneiss  are  the 
predominant  rocks  in  the  immediate  vicinity  of  the  damsite.  The  geo- 
logic ages  range  from  Precambrian  to  Permian. 

9.  The  age  relationships  of  the  parent  rocks  in  the  various  recogn- 
ized belts  are  shown  in  Figure  6.  Overstreet  (1970)  states  that  the 
metamorphosed  sedimentary  and  volcanic  rocks  in  the  Carolina  Slate, 
(Figure  4)  Charlotte,  Kings  Mountain-Lowndesville,  and  Inner  Piedmont 
belts  consist  of  three  stratigraphic  sequences  separated  by  two  un- 
conformities. These  sequences  mainly  contain  graywacke,  shale,  tuff 
and  lava. 

Each  sequence  was  considered  to  have  been  deposited  in  a subsiding 
basin  with  the  western  parts  of  all  three  sequences  superimposed.  Near 
the  Brevard  zone  and  extending  more  or  less  southeastward,  these  se- 
quences persist  to  at  least  the  continental  shelf.  Sundelius  (1970) 
feels  that  rocks  of  the  Carolina  Slate  belt,  were  derived  from  nearby 
volcanic  islands  and  tectonic  ridges  by  deposition  in  intervening 
basins.  A synopsis  of  time  relationships  of  various  strata  and  events 
is  given  in  Figure  7. 

10.  Proceeding  northwest  from  the  Coastal  Plain,  the  youngest  perti- 
nent stratum  is  the  Late  Cretaceous  Tuscaloosa  Formation.  This 
clastic  unit  is  comprised  of  kaolin-bearing,  crossbedded  sands  and 
gravel . 

11.  Occurring  as  discontinuous  erosional  remnants,  below  the  Tusca- 
loosa Formation  at  the  edge  of  the  Piedmont  (near  Augusta)  is  the 
phyllite  of  the  Belair  belt.  Saprolite  developed  on  the  surface  in 
the  Belair  belt  has  been  preserved  by  the  Cretaceous  burial.  The  Bel- 
air belt  is  composed  of  metavolcanic  tuff  and  argillite  and  is  thought 
to  be  equivalent  to  the  Little  River  Series  occurring  further  north- 
west (paragraph  13).  The  Belair  belt  is  probably  Cambrian  in  age. 

12.  The  Kiokee  belt,  exposed  west  of  the  Fall  Line  (Figure  1),  is  the 
oldest  in  the  study  area.  The  age  is  thought  to  be  late  Precambrian 
or  early  Paleozoic.  In  South  Carolina,  rocks  of  the  Kiokee  belt  are 
amphibolites  and  granitic  gneiss,  whereas  in  Georgia,  the  rocks  are 
felsic  gneiss  derived  from  igneous  rocks,  quartzites,  and  other 
gneisses.  During  Ordovician  time,  a younger  adamellite  locally  in- 
truded into  the  belt.  Two  periods  of  metamorphism  are  recognized  in 


> 


7 


TABLE  1 - REFERENCES  IN  STUDY  OF  STRATIGRAPHY 


Area 

Author 

Hart  County,  GA 

Grant  (1958);  Baker  (1933);  Corps  of 
neers  (1960) 

Engi- 

Anderson  County,  SC  & 
Pickens  County,  SC 

Griffin  (1974a,  b,  1972b;  1971a,  b; 

1969) 

1970, 

Abbeville  County,  SC 

Griffin  (1972a) 

Elbert  County,  GA 

Austin  (1968,  1965);  Chandler  (1972); 
and  Sandrock  (1973) 

Penley 

McCormick  County,  SC 

Medlen  (1968);  Griffin  (1972a);  Secor  (1977); 
Johnson  (1970a);  Bell  (1966);  Overstreet  & 
Bell  (1965a) 

Lincoln  County,  GA 

Crawford  (1968a);  Crickmay  (1952); 

(1966);  Paris  (1976);  Peyton  & Cofer 
Hurst,  Crawford  & Sandy  (1966) 

Fouts 
( 1950); 

Wilkes  County,  GA 

Peyton  and  Cofer  (1950);  Fouts  (1966); 
ford  (1968a);  Cook  (1966) 

Craw- 

Columbia  County,  GA 

McLemore  (1965);  O'Connor  & Prowell 
Daniels  (1974) 

11976) ; 

Edgefield 

Johnson  (1970b);  Daniels  (1974);  Pirkle  (per. 
com  1976) 

General  Region 

Overstreet  & Bell  (1965a);  Crickmay 
Georgia  Geol.  Survey  (1976) 

(1952); 
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FIGURE  7 


tin*  Kiokee  belt.  A s-ver*-  event  during  the  Prucambr i an  affected  the 
Kiokee  belt  only.  There  was  a Less  intense  event , probably  during 
late  Ordovician  to  Silurian  time. 


11.  Northwest  of  tile  Kiokee  belt  and  overlying  it  are  the  f’aleoaoi 
' rocks  of  the  Carolina  Slate  belt,  and  its  equivalent  in  Georgia,  tin* 

Little  River  Series.  Radiometric  dates  as  old  as  560-570  million 
years  have  been  obtained  in  the  Little  River  Series  (Carpenter,  1976). 
This  sequence  is  metadacite  whose  parent  was  a series  of  volcani 
flows  and  tuffs.  Two  main  bodies  of  metadacite  lie  in  the  study  area, 
one  centered  around  Lincolnton,  Georgia,  and  the  second  around  the 
Russell  Dainsite.  OverLying  the  metadacite  is  an  pyroclastic  sequent- 
of  tuffs,  agglomerates,  welded  tuffs,  felsic  and  mafic  flows  inter- 
fingered  with  volcanic  gravwacke  and  argillite.  Overlying  the  pyro- 
clastic sequence  is  an  upper  sedimentary  sequence  consisting  of  banded 
argillite  and  volcanics.  The  youngest  sequence  is  well  exposed  north- 
west of  the  Modoc  fault  zone  in  South  Carolina.  Granitic  Intrusions 
in  the  Little  River  Series,  such  as  Goshen  Granite,  is  365  million 
years  old  (Paris,  1976). 

14.  The  Little  River  Series  overlies  the  Charlotte  belt  to  the  north- 
west. The  Charlotte  belt  in  South  Carolina  consists  of  gneiss  and 
schist  derived  from  older  igneous  rocks,  gravwacke,  shale,  tuff,  and 
volcanics.  In  Georgia,  the  Charlotte  belt  includes  large  areas  of 
granitoid  gneiss,  high-grade  schist  and  amphibolite  derived  from  sedi- 
mentary rocks  and  igneous  plutons.  The  Charlotte  belt  is  Precambrian 
to  Cambrian  in  age.  The  exact  stratigraphic  relationship  between  the 
Charlotte  and  Slate  belt  in  the  study  area  is  uncertain  because  tin- 
boundary  is  poorly  defined.  Certain  relationships  indicate  that  meta- 
morphic  grade  is  the  only  distinction.  Locally,  the  Charlotte  belt 
rocks  form  the  centers  of  regional  anticlines,  and  they  are  believed 
to  be  older  than  the  flanking  Slate  belt;  however,  units  unrelated  by 
simple  stratigraphy  exist  along  shear  zones  and  faults. 

15.  The  relationship  of  the  Charlotte  belt  and  Inner  Piedmont  belt 
(Figure  4)  to  the  Kings  Mountain-Lowndesville  belt  is  also  not  clear. 
In  South  Carolina,  the  Kings  Mountain  belt  separates  the  Inner  Pied- 
mont from  the  Charlotte  belt  and  is  thought  to  be  younger,  perhaps  in 
the  nature  of  a detachment  zone  squeezed  between  adjacent  older 
blocks.  Accordingly,  the  Kings  Mountain  belt  overlies  the  Inner  Pied- 
mont, and  the  adjacent  Charlotte  belt.  The  I.owndesville  belt  does  not 
extend  into  Georgia.  As  the  Lowndesville  belt  crosses  the  Savannah 
River,  foliation  and  bedding  wrap  around  the  nose  of  the  sync  line  and 
the  belt  pinches  out  (Griffin,  1976,  personal  communication).  Th* 
Inner  Piedmont  mica  schist,  gneiss,  quartzite,  and  amphibolite  of 
South  Carolina  do  not  display  any  clear  significance  in  Georgia  and 
may  be  obscured  by  faults  (Hurst,  1979). 

16.  A minor  event  occurred  also  within  the  region  380-386  M.Y.B.P. 
with  the  intrusion  of  gabbro  and  associated  chlor i t izat ion  of  the 
complexes  in  the  Slate,  Charlotte  and  Inner  Piedmont  belts.  Medlin 
(1968)  finds  alteration,  cataclastic  deformation  and  tilting  in  such 
comp  1 *xes . 
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L it ho  logy  Nea r the _Si t e : 


17.  The  rocks  in  the  study  area  have  been  subjected  to 
grees  of  metamorphism.  Adjacent  to  the  damsite,  they  ar 
in  metamorphic  grade.  Both  regional  and  contact  types  o 
are  evident.  The  metadacite  adjacent  to  the  dam  is  upper 
grade.  Contact  hornfels  most  probably  surrounds  the  Ca 
gabbro  complex,  buc  little  evidence  is  found  of  contact 
near  the  damsite.  Pervasive  gabbroic  dikes,  however,  are 
mally  altered  to  chlorite  schisL. 


various  de- 
in termed  iate 
met amor  phi sm 
greensch i s t 
lhoun  Falls 
me  f amorph i sm 
hydrother- 


18.  Downstream  of  the  damsite,  along  Clark  Hill  Lake,  the  Slate  belt 
rocks  are  generally  greenschist  grade  and  exhibit  less  metamorph ic 
alteration.  Upstream  of  the  damsite,  metamorphic  grade  increases,  al- 
though the  Lowndesville  belt  also  shows  retrograde  met amorph i sm. 

19.  The  fine-grained  rocks  exhibit  well-developed  foliation  and  slaty 
cleavage.  They  have  been  metamorphosed  into  slates  and  phyllites. 
Coarser  elastics  and  mafic  flows  have  been  transformed  into  granitoid 
gneiss  and  amphibolite.  The  Inner  Piedmont  is  separated  by  a discon- 
tinuity between  quartzofe Idspath  ic  gneiss  and  the  higher  grade  silli- 
manite  schist,  gneiss  and  amphibolite.  In  cataclastic  zones,  all 
rocks  are  crenulated  and  broken  with  some  evidence  of  retrogression. 

Deposit ional  History : 

20.  The  rocks  in  the  region  resulted  from  deposition  in  a eugeosyn- 
clinal  basin.  The  source  area  undergoing  erosion  supplied  clastic 
material  to  a marginal  basin  much  as  present-day  sources  supply  embay- 
ments  (Figure  8).  During  early  to  mid-Precambr ian  time,  and  intense 
metamorphic  and  compress i ona 1 event  transformed  the  eugeosync 1 ine  into 
the  present  late  Precambrian  basement  of  the  Appalachians.  in  late 
Precambrian  time,  a second  clastic  source  area  appeared.  This  source 
contributed  volcanic  rocks  and  voicanoc 1 as t i c sediments  and  is  identi- 
fied as  an  island  arch-trench  subduct  ion  system  by  Carpenter  ( 1976), 
Hatcher  (1972),  and  others. 
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Map  of  the  Atlantic  Coastal  Plain  and  Continental  Shelf 
Adapted  from  Marine.  1974 
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Orogenies . 

21.  Ancient  orogenic  events  have  occurred  as  follows. 

27.  Post  Grenv i 1 le-Ad i rondack  History.  During  the  Precambrian,  there 
was  deposition  in  eugeosync 1 ina l basins  with  elastics  derived  from  a 
source  land  represented  by  Grenv i 1 le-Ad i rondack  Mountains  (fisher 
1970).  Also,  clastic  sediments  were  derived  from  a late  Precambrian 
seaward  source  representing  a geanticlinal  welt  or  volcanic  islands. 

23.  Pretaconic  and  Taconic  Cycle.  During  the  Precambrian  to  middle 
Ordovician  deformation  and  metamorphism  of  the  eugeosync 1 ina  1 track 
occurred.  Following  uplift,  erosion  occurred  during  the  Ordovician 
and  intrusion  of  magma  accompanied  the  Paleozoic  comp ress iona l phase. 
By  the  late  Ordovician  or  Silurian,  large  overthrust  sheets  moved 
slices  of  deformed  geosynclinal  sediments  toward  the  northwest. 
Southern  Appalachian  rocks  remained  high  while  marine  transgression 
occurred  in  the  interior. 

24.  Acadian  Cycle.  The  Acadian  cycle  was  a late  Devonian  to  Permian 
phase  of  compression  accompanied  by  continued  deposition  from  the 
rising  mountain  source.  The  Towaliga,  Brevard  and  Goat  Rock  faults 
were  generated  during  this  phase,  as  were  the  folds  and  faults  in  the 
Valley  and  Ridge  and  Cumberland  Plateau  (Hatcher,  1972). 

25.  Tr iassic  Events . After  the  Acadian  orogeny,  considerable  erosion 
followed  uplift  of  the  southern  Appalachian  region.  During  the  Tri- 
assic,  this  region  was  subjected  to  tensional  forces  which  resulted  in 
normal  faulting  and  development  of  grabens.  These  fault-bounded 
structures  received  clastic  sediments  from  adjacent  highlands.  Asso- 
ciated wit!)  sedimentation  in  the  grabens  were  basalt  intrusions  and 
flows.  In  some  basins,  normal  faulting  shows  greater  displacement 
along  the  southeast  than  the  northwest  boundaries. 

Fold  Deformation. 


26.  Structural  deformation  in  the  study  area  involved  both  folding 
and  faulting.  The  axis  of  the  folds  generally  run  southwest-northeast 
as  do  the  strikes  of  major  faults.  The  dip  of  the  foliation  and  bed- 
ding is  quite  steep,  and  it  is  uncommon  to  find  bedding  and  foliation 
planes  dipping  less  than  50  degrees. 

27.  The  folding  style  observed  in  the  study  area  or  reported  by 
others  is  as  follows: 

a.  In  the  Belair  belt,  the  style  is  one  of  shallow  northeast 
plunging  folds  with  steep  isoclinal  limbs.  Generally,  limbs  are 
steeply  dipping  to  the  southeast. 
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h.  In  the  I.  i 1 1 1 < • River  Series,  the  predominate  fold  style  is  a 
series  of  vertical  isoclinal  folds  with  gentle  plunge  to  tiie  north- 
east, in  some  cases  with  evidence  of  polyphase  folding,  as,  for  exam- 
ple, on  the  Modoc  fault  zone. 

c.  The  fol  i style  in  the  Kiokee  belt  is  determined  by  a broad 
anticline.  However,  at  the  mesoscopic  level,  rocks  have  been  tightly 
folded  with  steep  to  moderately  steep  dips.  Along  tiie  northwestern 
limb,  the  rocks  have  undergone  polyphase  folding.  Multiple  phases  of 
folding  dominate  contacts  of  both  Slate  and  Kiokee  belt  rocks. 

d.  In  the  Carolina  Slate  belt  (Howell  and  Pirkle,  1977),  top- 
bottom  criteria  indicate  a regional  svncline,  with  its  axis  northwest 
of  Parksville,  South  Carolina,  in  the  argillite.  The  axis  trends 
N 50°E  and  plunges  10°N.  Fold  styles  within  the  bounding  fault  zone 
at  Modoc  include  isoclinal  folds  and  drag  folds.  Fold  style  from 
Parksville,  South  Carolina,  to  the  northwest  flank  are  cy 1 i ndroidal . 

Charlotte  Belt. 


e.  The  Charlotte  belt  consists  of  southwest  plunging  assymetri- 
cal  folds  overturned  to  the  west-northwest.  Also  present  are  tight 
northeast  striking  isoclinal  folds.  Griffin  (1972a)  states  that,  in 
South  Carolina,  the  fold  style  in  the  Charlotte  belt  is  problematical 
because  of  poor  exposure.  The  style  appears  to  be  one  of  upright 
folded  isoclines. 

Lowndesville  Belt. 

f.  Griffin  (1972a)  believes  the  pattern  in  the  Lowndesville  belt 
folds  is  suggestive  of  a general  syncline  including  many  small,  tight, 
upright  isoclines.  The  belt  ends  near  the  Savannah  River,  where  the 
folds  plunge  to  the  northeast  at  10  degrees.  The  belt  suggests  cylin- 
droidal  folding. 

Inner  Piedmont . 

g.  Griffin  (1972a)  shows  the  attitude  of  foliation  within  the 
Inner  Piedmont  core  to  steepen  toward  the  boundary  separating  it  from 
the  southeastern  flank.  Moderate  to  steep  dips  predominate  along  the 
core  while  moderate  dips  are  on  the  flanks.  The  core  also  has  locally 
steeper  northwest  dips. 

Joint ing. 

28.  Measured  patterns  in  the  study  area  suggest  that  jointing  is 
geometrically  related  to  folding.  Figure  9 summarizes  joint  orienta- 
tions within  the  study  area.  Field  examination  and  correlation  of 
joints  with  foliation  show  maxima  of  joint  trends  that  correspond  to 
foliation  maxima.  Two  clear  maxima  of  joints  lie  at  N 35°W  and  N 50- 
55°E.  After  extracting  the  joint  maxima  corresponding  to  folding,  the 
remaining  pattern  suggests  compress iona 1 and  extensional  axes  oriented 
N 80-85°W  and  N 8-10°E,  respectively. 
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Fau  1 tjjig . 

29.  Table  3,  Figures  10  and  II  list  mapped  faults  in  the  study  area. 
The  three  major  fault  zones  are  the  Brevard,  Towa 1 iga-Lowndesv i 1 le- 
Kings  Mountain,  and  Goat  Kock-Modoc.  These  fault  zones  are  shown  on 
Figure  10  with  Table  2 listing  their  field  characteristics.  In  addi- 
tion to  the  above  faults,  there  are  other  significant  features  identi- 
fied by  Griffin  (1972a)  as  tectonic  slides.  These  slides  are  observed 
to  mark  boundaries  or  discontinuities  in  the  stratigraphy  and  litho- 
logy. Evidence  for  their  existence  includes  silicified  breccia  zones, 
abrupt  changes  in  attitude  of  foliation,  and  discontinuity  in  metamor- 
phic  and  lithologic  facies.  Their  inferred  locations  and  boundaries 
are  shown  in  Figure  11. 

30.  The  Belair  fault  located  near  Augusta,  Georgia,  is  a reverse 
fault  on  which  metavolcanics  have  been  carried  up  against  the  younger 
Tuscaloosa  Formation. 

31.  The  Patterson  Branch  fault  is  interpreted  to  be  a normal  fault. 
Although  an  earthquake  of  moderate  magnitude  occurred  near  this  fault, 
it  has  shown  no  surface  offset  along  its  7-1/4  km  length.  The  cri- 
teria for  classification  include  stratigraphic  field  relationship, 
trenching  and  geophysical  investigation. 

32.  The  faults  in  the  Lincolnton  metadacite  and  associated  rocks  are 
normal  faults.  Geophysical  and  field  evidence  used  to  classify  these 
faults  showed  they  are  not  active. 

33.  The  Geologic  Map  of  Georgia  (1976)  shows  the  Towaliga  Fault  to 
splay  into  branches  with  one  branch  positioned  northwest  of  the  Rus- 
sell Damsite  (Figure  5).  Field  investigation  failed  to  confirm  the 
location  as  mapped  by  Penley  and  Sandrock  (1973).  It  is  suggested 
that  in  the  Elbert  County  area,  the  Towaliga  Fault  is  obscured  by  the 
Elbert  Granite  body  and  the  Charlotte-Slate  belt  boundary  (Figure  11). 
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Sketch  tectonic  map  of  the  Greenville  1:250.000  U S.  Geol  Sur  two  degree 
sheet  The  Brevard  Zone  in  Georgia  is  adapted  from  SMITH  & GREEN  (1968) 
and  in  South  Carolina  from  HATCHER  (1969  b).  The  position  of  the  Carolina 
slate  belt  outliers  is  modified  from  OVERSTREET  & BELL  (1965.  PI  2)  slides 
are  from  GRIFFIN  (1971  d)  and  additional  boundaries  are  by  HANCOCK 
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FAULTS  IN  THE  STUDY  AREA 
SKETCH  TECTONIC  MAP  OF  GA.  & S.C. 


FIGURE  11 


TABLE  2 - BREVARD,  MODOC,  AND  LOWNDESVILLE 
DUCTILE  MYLONIT1C  ZONE  CHARACTERISTICS 

1.  Topographic  Lineament 

2.  Straight  with  Slightly  Curved  Segments 

3.  SE  to  Vertical  Dip  - Lowndesville  Dips  NW 

4.  Rocks  Within  the  Zone  Subjected  to  the  Same  De format iona 1 History 
as  Those  on  Either  Side 

5.  Multiple  Stratigraphic  Units 

6.  Contain  Cataclastic  or  Mylonitic  Features 

7.  Cataclasis  in  Differing  Units 

8.  Barrovian  Metamorphism  Retrograded  to  Green  Schist-Facies  Assem- 
blages 

9.  Fundamental  Structures  of  the  Southern  Appalachian  Orogen 

10.  Zones  Change  Character  by  Splaying 


TABLE  3 - FAULTS  IN  THE  STUDY  AREA 

MINIMUM 

MAPPED 


LENGTH 

PROBABLE 

ACE 

FAULT 

(MI  ) 

FAULT  TYPE 

( MAX  ) 

(MIN) 

Modoc 

79 

1 . Thrust 

2.  Strike-slip 

Pa leozoic 

Late  Devonian 
to  Permian 

Loundes v i 1 le 

160 

Questionable 
Right  Lateral 
St  rike-S lip 

Pa  1 eozoic 

Late  Devonian 
to  Permian 

Brevard 

4 50 

1.  Right  Lateral 
St  rike-S lip 

2.  Dominantly 
Di  p-S  1 ip 

Pa leozoic 

Late  Devonian 
to  Permian 

Belair  Fault 

13 

Reverse 

50  M.Y.B.P. 

Quaternary 

Pa  t ter son 
Branch 

4-1/2 

Normal  or  Thrust 

Mesozoic 

Diversion 
Channel  Fault 

4/10 

Thrust 

355  M.Y.B.P. 

270  M.Y.B.P. 

Lincolnton 

Type 

Metadacite 

1 

Norma  1 

598  M.Y.B.P. 

1 . Howel 1 and 

Perk  le 

(1976) 

2.  Hatcher  (1972) 

3.  Hatcher  (1974) 

4.  USGS  (1976) 

5.  Secor  (1977) 

6.  Paris  (1976) 
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*4.  Indicators  of  post-Pa leozoic  stress  included  the  following:  Tri- 

ussic  basin  faulting,  Jurassic  diabase  dikes  and  flows,  siliceous 
ul tramy Ionite  dikes  (flinty  crushed  rocks),  joints,  and  isostatic  re- 
bound. A change  from  a compressive  field  at  the  end  of  the  Paleozoic 
to  an  extensional  field  during  the  Mesozoic  is  suggested  by  the  first 
three  indicators.  The  Cenozoic  record  indicates  a later  return  to 
compressive  tectonics  in  at  least  some  portions  of  the  Appalachians. 
However,  conflicting  data  in  the  southern  Appalachians  cloud  a clear 
reconstruction  of  stress.  The  Tertiary  seems  to  be  transitional  be- 
tween types  of  stress  fields. 

Fault  Basin  Development . 

35.  Triassic  tensional  forces  resulted  in  normal  faulting  and  devel- 
opment of  grabens  from  Georgia  to  Canada  (Figure  8).  Grabens  received 
clastic  sediments  from  the  adjacent  highlands.  basalt  intrusions  and 
flows  occur  also  in  these  basins.  Known  Triassic  basins  include  Laur- 
ens Conty  basin,  Dunbarton  basin,  and  Florence  basin.  Since  the 
bounding  normal  faults  parallel  to  the  Appalachian  trend,  the  axis  of 
extension  is  thought  to  have  been  perpendicular  to  the  Appalachians. 

Dike  Format  ion. 

36.  The  extensional  field  continued  throughout  the  Mesozoic.  The 
pattern  of  Appalachian  diabase  dikes  has  been  cited  (May  1971)  as 
evidence  of  extension  during  the  break-up  of  North  America,  West 
Africa  and  South  America.  Accordingly,  the  dikes  represent  lines  of 
tension  in  the  stress  field  imposed  on  the  continental  crust  at  the 
onset  of  North  American  seafloor  spreading. 

Flinty  Crushed  Rock  Zones • 

37.  Post-diabase  dike  age  siliceous  u 1 1 ramy 1 on l te  breccia  dikes  (FCR) 
occur  throughout  the  Piedmont  and  Blue  Ridge  provinces  of  the  southern 
Appalachian.  These  FCR  dikes  have  been  the  subject  of  inconclusive 
writings  by  White  ( 1950),  Conley  and  Drurnmon  (1965),  Hatcher  ( 1 974), 
Haselton  (1974),  Birkhead  (1973),  and  others,  who,  despite  many 
differences,  mostly  agreed  that  these  features  are: 

a.  Post-orogenic  and  post-diabase  in  age; 

b.  Are  extensional  in  origin; 

c.  Do  not  seem  to  offset  contacts  horizontally,  but  do  verti- 
cal ly . 

Examples  include  the  Blue  Ridge  front  on  a grand  scale  and  the  Patter- 
son Branch  fault  on  a smaller  scale.  Presently,  these  FCR  dikes  are 
taken  to  indicate  late  Mesozoic  to  early  Tertiary  extension. 


CVnozo  i_c__Pj>  lit  t • 

38.  White  ( 1950)  has  suggested  the  Blue  Ridge  front  to  be  a border 
fault  of  a Triassic  basin  reactivated  during  the  T«itiary  by  normal 
faulting,  but  presently  extensively  modified  by  erosion.  Haselton 
(1974)  agrees  that  the  geological  setting  of  the  Blue  Ridge  front 
suggests  it  is  a fault  scarp.  He  supplements  White's  original  argu- 
ment with  nine  additional  points.  Some  objection  to  the  evidence  has 
been  raised  by  Hatcher  (1974),  chiefly  because  detailed  mapping  in 
some  areas  where  the  front  passes  does  not  indicat  faulting. 

39.  Meyerhoff  (1972)  indicates  that  although  late  Triassic  faulting 
was  a factor  in  determining  the  boundary  between  the  Blue  Ridge  and 
Piedmont  provinces,  it  did  not  alter  the  general  direction  or  pattern 
of  the  drainage.  This  pattern  is  believed  to  have  been  set  by  the 
Permian  deformation  with  western  flowing  streams  in  the  south  (Tennes- 
see River  system)  and  southeast  flowing  streams  in  the  north  (Susque- 
hanna River).  The  local  superposition  of  the  eastern  flowing  streams 
has  taken  place  with  a western  shift  in  the.  Mesozoic  drainage  divide 
initiated  by  late  Triassic  faulting  which  lowered  the  base  elevation 
of  the  Piedmont.  Sapping  of  the  Blue  Ridge  front  effected  an  ever  in- 
creasing northwestern  migration  of  the  divide  by  stream  capture.  In- 
termittent uplift  and  tilting  centered  around  the  presistently  high 
Blue  Ridge  constantly  keeps  the  eastern  gradients  higher  than  the  wes- 
tern. Although  this  conclusion  is  not  established  as  fact,  it  does 
suggest  a continued  extensional  field  in  the  Mesozoic,  Tertiary  and 
possibly  into  the  Quaternary. 

40.  A partial  return  to  compress ional  tectonics  in  the  southern  Appa- 
lachians during  the  Quaternary  may  be  supported  by  overthrust  features 
such  as  the  Belair  fault.  The  most  recent  statement  released  by  the 
Department  of  Interior  Geological  Survey*  indicates  activity  along  the 
fault  in  the  past  50  M.Y.B.P.,  but  disavows  claims  for  Quaternary 
movement.  Two  other  such  features  have  been  identified  by  Drennen 
(1950)  and  by  Howell  and  Zupan  (1974). 

Joint ing. 

41.  Systematic  measurements  of  jointing  in  the  crystalline  rocks  of 
the  Savannah  River  drainage  confirm  two  major  trends  (Figure  9)  with 
one  probably  related  to  extensional  stress.  Maxima  between  N 10°W  to 
N 10°E  are  suggested  to  indicate  shear,  but  of  pre-Quaternary  age.  As 
in  most  joint  studies,  however,  the  exact  age  of  jointing  is  difficult 
to  determine,  and  jointing  may  represent  remnant  stress  rather  than 
contemporary  pattern. 


^Hereafter,  the  Department  of  Interior,  Geological  Survey  will  be 
shown  as  USGS. 
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Content; •> . trarv  S t re  s ses . 

42.  Contemporary  compressive  stress  for  the  Appalachian  region  has 
been  suggested  by  Sbar  and  Sykes  ( 1973).  They  infer  that  eastern 
Nor tli  America  is  under  high  horizontal  stress.  Principal  stress  is 
oriented  north  to  northeasterly,  as  seen  in  hydrofraction  overcoring 
and  focal  plane  solutions.  However,  the  results  in  the  Appalachians 
south  of  the  middle  Atlantic  states  show  considerable  scatter  and 
hence  may  not  be  reliable.  The  nearest  measurements  to  the  study  area 
are  at  Lithonia,  Georgia,  and  Bad  Creek  pump  storage  site  in  South 
Carolina.  Hooker  and  Johnson  (1969)  and  Hooker  and  Duval  (1966)  found 
in  Georgia  the  following  data: 


Locat ion 

Bars 

O' 

1_  _ 

Ra  t i o 

S'  /O' 

_ 1 ' 2 

Trend  of 

O' 

J 

Rock  Type 

Li thonia 

102 

1.5 

N 8°  E 

Grani te 

L l thonia 

111 

1.7 

N49°  E 

Gne i ss 

Doug  las v i lie 

35 

1 .8 

N64  ° E 

Gne  iss 

Haimson  (1976)  hydrofract ing  at  Bad  Creek  Pump  Storage  Site  in  a near 
surface  hole  on  moderate  to  steep  slopes  found  ^ 1 to  be  northeasterly 
and  ^ 1 vertical.  Recent  fault  plane  solutions  for  earthquakes  indi- 
cate the  following: 


Locat ion  _ _ _ Mechanism  Compression  / Dilation 


Charleston,  SC 

Thrust  Fault 

NE 

NW  1 . 

Will ington , SC 

Norma  1 

Ambiguous 

2. 

St  r i ke-S  lip 

E-W 

N-S 

1.  far  (1076);  2. 

Talwani  (1976). 

The  preceding  data  allows  Snow  (1977,  this  volume)  to  deduce  the 
southeast  to  be  a region  of  high  horizontal  stress;  however,  other 
authors  (Sbar  & Sykes,  1973,  1974,  and  Hooker,  1966,  1967)  find  that 
total  available  information  suggests  that  south  of  eastern  middle 
Atlantic  states  stress  field  indicators  and  measurements  inconsis- 
tently demonstrate  high  horizontal  stress. 

I s ostatic  Rebound . 

43.  Isostatic  rebound  of  the  southern  Appalachians  has  to  be  con- 
sidered in  analysis  of  current  stress.  At  the  end  of  mountain  build- 
ing, the  southern  Appalachians  are  believed  to  have  stood  over  a 
cor^iderablv  thickened  crust.  Mathur  (1971)  considers  the  crustal 
mantle  boundary  to  be  at  41  km  depth  under  the  Piedmont.  Conserva- 
tively, from  the  end  of  the  tectonic  compress iona 1 phase  during  the 
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Paleozoic,  the  Appalachian  system  has  lost  1 km  elevation  and  sh«*d  20 
km  from  its  root  through  rebound.  The  immense  volume  of  elastics 
(over  21  km)  now  lies  in  the  Coastal  Plan  and  continental  margin. 

44.  Late  tectonii  movements  within  the  Appalachians  probably  are 
recorded  best  in  the  sediment  record  (Owens,  1970;  Meyerhof f,  1972). 
Uplift  in  the  source  land  i ■;  recorded  in  the  deposit  ional  basin  in 
quantities  of  elastics  that  depend  upon  the  intensity  of  the  uplift 
and  basin  warping.  Owens  (1970)  finds  the  carbonate  facies  reaching 
its  maximum  onlap  in  Florida,  Georgia,  and  South  Carolina  in  the  Oli— 
gocene  overlap.  This  is  a period  of  quiescence  in  the  source  region. 
During  the  Miocene,  the  Coastal  Plain  record  shows  the  Cape  Fear  arch 
(Figure  1)  barring  the  northward  transgression.  Ciastic  units  are 
thickest  in  old  troughs  such  as  the  Suwannee  straits,  indicating 
reactivation  during  a period  of  renewed  uplift  in  the  south  Appala- 
chians. 

45.  The  last  recorded  major  tectonic  uplift  was  the  epierogenic  up- 
lift of  the  whole  Atlantic  Coastal  Plain  and  Piedmont,  probably  start- 
ing in  the  late  Pliocene.  Although  large  scale  eustatic  rise  and  fall 
of  sea  level  continued  through  the  Pleistocene,  a continued  emergence 
is  recorded  in  older  coarse  elastics,  standing  higher  than  the  young 
Pleistocene  deposits.  The  Pliocene  to  Quaternary  deposits  of  cars' 
elastics  derived  from  the  southern  Appalachians  are  thin,  which  sug- 
gests waning  intensity  to  the  uplift. 

46.  Staheli  (1976)  utilizes  -he  absence  of  clastic  facies  among  0 1 i — 
gocene  sediments  to  indicate  that  sedimentation  must  have  extended 
inland  as  far  as  the  Brevard  zone  during  a major  Oligiocene  transgres- 
sion. Coastal  facies  have  evidently  been  eroded  away  during  renewed 
uplift.  Cramer  (1974)  and  Fames  (1962)  also  bring  out  the  same  rela- 
tionship in  the  Cenozoic  rocks  of  Georgia  and  the  Gulf  Coast.  Mather 
and  AppLin  (1971)  find  evidence  for  increasing  seaward  tilt  of  the 
margin  and  coastal  plain  in  the  sediment  thickness  and  depositional 
record  preserved  in  the  basins  and  flanks  of  the  Atlantic  arches  and 
rises.  Isostatic  uplift  of  the  Appalachians  accompanied  by  erosion 
and  subsequent  deposition  on  the  margins  has  apparently  been  of  suffi- 
cient intensity  to  shift  mass  centers  towards  the  margins  and  to  cause 
tilting  and  down  warping  of  the  Coastal  Plain.  Uplift  and  tilting  of 
the  southeastern  flank  can  be  a possible  mechanism  for  continued  con- 
temporary extension  centered  around  the  Blue  Ridge,  while  the  signifi- 
cantly high  horizontal  stress  reported  by  Sbar  and  Sykes  (1973) 
continue  to  deform  the  Coastal  Plain.  The  western  underflow  of  the 
mantle  combined  with  isostatic  rebound  of  the  Appalachian  mass  could 
be  responsible  for  buckling  of  the  margins  and  shear  failure  of  local 
rigid  bodies,  such  as  reported  by  Long  (1976)  under  the  Coastal  Plain. 
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PART  V -EARTHQUAKE  ACTIVITY 


Historic  Earthquakes 

47.  The  distribution  of  historic  earthquakes  in  the  general  region  of 
the  Richard  B.  Russell  site  is  shown  in  Figure  12.  The  earthquakes 
are  listed  by  state  of  origin  in  Table  4 along  with  their  dates,  coor- 
dinates, intensity,  source  of  data,  and  other  information.  Intensity 
is  in  Modified  Mercalli  (MM)  units  for  the  severest  shaking.  An 
abridged  statement  of  the  MM  scale  is  contained  in  Figure  13. 

Relation  of  Earthqu akes  to  Geologic  Structures 

48.  Historic  earthquakes  in  the  area  of  Figure  12  have  not  been  re- 
lated to  specific  geological  structures  or  to  known  faults.  None  of 
the  earthquakes  has  had  recognizable  surface  displacement.  Despite 
the  considerable  study,  particularly  in  the  Char les ton-Summervi 1 le 
area,  relationships  between  earthquakes  and  subsurface  to  basement 
geology  have  not  been  developed. 

Principal  Earthquake  Zones 

49.  Figure  12  shows  earthquake  epicenter  and  seismic  zones  in  the 
region.  The  Richard  B.  Russell  project,  as  well  as  the  Clark  Hill  and 
Hartwell  Lakes,  are  in  the  Piedmont  zone.  Adjacent  zones  are  Blue 
Ridge  and  Coastal  Plain.  The  Cha r les ton-Summervi 1 1 e (South  Carolina) 
zone  encompasses  the  small  area  of  intense  seismicity  that  is  local- 
ized in  this  small  portion  of  the  Coastal  Plain.  The  earthquakes  are 
those  in  Table  4 for  Charleston  and  Summerville,  South  Carolina. 

50.  The  Piedmont  is  largely  a region  of  metamorphosed  rocks.  The 
Blue  Ridge,  with  its  folded  sedimentary  series,  bounds  the  Piedmont 
along  the  Brevard  fault  zone  in  the  Savannah  River  basin.  The  Coastal 
Plain  represents  young,  gently  dipping  sedimentary  rocks.  Its  bound- 
ary with  the  Piedmont  is  somewhat  inexact.  The  Fall  Line,  usually 
taken  as  the  boundary,  is  not  directly  tectonic.  The  boundary  chosen 
for  this  study  is  along  a zero  gravity  line  which  was  mapped  passing 
through  the  area  below  Augusta,  Georgia.  Choosing  this  boundary  was 
somewhat  arbitrary  yet  more  relstable  to  tectonism  in  terms  of  bring 
to  an  end  the  influence  of  the  Piedmont  crystalline  rocks  rather  than 
Cretaceous-Tertiary  deposition  and  subsequent  erosion.  Coastal  Plain 
sediments  formerly  onlapped  into  what  is  now  the  Piedmont. 

51.  Thus,  the  principal  zones,  in  a general  way,  are  related  to  phys- 
iographic provinces.  The  Char les ton-Summervi 1 le  area,  however,  is 
unique.  At  Charleston-Summerv i 1 Le , there  is  a concentration  of  seismic 
activity  which  is  not  observed  anywhere  else  in  the  Coastal  Plain. 

52.  Earthquakes  in  the  Blue  Ridge,  Piedmont,  Coastal  Plain,  and 
Char leston-Summervi l le  zones,  because  they  cannot  be  related  to  speci- 
fic faults,  are  assumed  to  occur  anywhere  in  their  respective  zones. 
Thus,  the  zones  are  interpreted  as  carrying  "floating"  earthquakes. 


Table  4 


Historic  Earthquakes  in  the  Gereral  Region  of  the 
Richard  B.  Russell  Project  Sit 


North 

West 

Time 

latitude 

Longitude 

Intensity* 

Source  of  Data** 

Year 

date 

Locality 

EST 

deg 

deg 

MM 

VPISU  EHUS 

Other 

GEORGIA 


1872 

Jun  17 

Mi liedgeville 

1500 

33-1 

83.3 

V 

X 

X 

1875 

Jul  28 

Mille lgeville 

1805 

33.1 

83.3 

III 

X 

Nov  01 

GA-SC  border 

2155 

33.6 

82.5 

VI 

X 

X 

1834 

Mar  31 

Milledgeville 

0500 

33.1 

83.  3 

III 

X 

1885 

Oct  17 

Sandersville 

1730 

33 

83 

IV 

X 

1902 

Oct  18 

SE  TN-NW  GA 

1300  4 1700 

35.0 

85.3 

V 

X 

X 

3 903 

Jan  23 

GA-SC 

2015 

32.1 

81.1 

VI 

X 

X 

3 909 

Oct  08 

NW  GA 

0500 

35 

85 

IV-V 

X 

1932 

dun  20 

Savannah 

32 

83 

V 

X 

Oct  22 

Dublin 

2015 

32.7 

83.5 

IV 

X 

1913 

Mar  13 

Calhoun-Gordon 

Counties 

0000 

34.5 

85 

IV 

X 

19  14 

Mar  05 

Atlanta 

1505 

31.5 

83.5 

VI 

X 

X 

1933 

Jun  09 

Eatonton 

0630 

33.3 

83.3 

(seism! c? ) 

X 

1935 

.Jan  01 

NC-GA  border 

0315 

35.1 

83.6 

V 

1936 

Jan  01 

NC-GA  border 

0300 

35 

84.2 

III 

X 

1940 

Oct  19 

TN-GA  border 

0055 

35 

85 

IV 

X 

1943 

Jul  28 

Augusta 

2330 

33.4 

82.0 

(seismic*/ ) 

\ 

1947 

Dec  27 

TN-GA  border 

1900 

35 

85.3 

IV 

X 

1958 

Apr  03 

Tift  County 

1200 

31.5 

83.5 

X 

1963 

Oct  08 

GA-SC  border 

0601:43.4 

34.2 

82.7 

X 

1964 

Feb  lft 

GA-AL  border 

0432:13.6 

34.8 

S5.5 

V/4.4 

X 

Mar  07 

El be r ton 

1803:00.1 

34.1 

82.8 

(Blast?) 

X 

Mar  12 

Macon 

2020 : 18 

3 3.2 

83.4 

V/4.4 

X 

L965 

Apr  06 

GA-SC  border 

2139 

34.0 

82.5 

X 

Anr  07 

GA-SC  border 

0741:10.2 

33.8 

82.  c- 

X 

Jul  22 

Sandersville 

2 355:33.3 

33 

83 

X 

Nov  08 

(.  anton 

1258:01.0 

34.2 

84.6 

X 

Nov  08 

Canton 

1304:11.5 

34.2 

84.6 

X 

1969 

Nov 

04 

Greensboro 

J853:23 

33.6 

83.5 

(Blast?) 

X 

Nov 

05 

Greensboro 

2217:5 

33.6 

63.3 

( Aftershock? ) 

X 

N 

07 

Greensboro 

2052 

33.6 

83.3 

{ Afters iv  ck?) 

X 

1974 

Aug 

02 

GA-SC  border 

085.':  09. 3 

33.9 

8?.' 

VI /4. 3 

X 

* Magnitude  indicated  us  appropriate. 

**  VETCH  - Virginiu  I ly  technic*  institute  and  State  University,  19”5. 

F.iTUf*  - "Earthquake  History  ■*'  the  United  States,  Pub.  4l4,  NCAA,  973. 
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Table  4 


Historic  Earthquakes  in  the  General  Region  of  the 
Richard  B.  Russell  Project  Site 


Year 

Date 

Locality 

Time 

EST 

North 

Latitude 

deg 

SOUTH 

I0O8 

Feb 

ITt?1* 

May  19 

Charleston 

(May  127) 

32.8 

1 77b 

Nov 

1799 

Apr  04 

Chariest'  n 

32.8 

Apr  11 

Camden 

0320 

34.3 

Apr  11 

Camden 

1655 

34.3 

184  i 

Feb  07 

Charleston 

1000 

32.8 

1857 

Dec  19 

Charleston 

0904 

32.8 

i860 

Oct 

Charleston 

32.8 

1869 

Sumner 

1876 

Dec  12 

Charleston 

PM 

32.8 

1 879 

Oct  26 

Winnsboro 

34.4 

1886 

Spring 

1686 

Jun 

Charleston 

32.8 

Aug  27 

Summerville 

0130 

33.0 

Summerville 

0830 

33.0 

Aug  28 

Summerville 

0530 

33.0 

Aug  29 

Summervi lie 

33.0 

Aug  31 

Charleston 

2151  i 2159 

32.9 

Oct  22 

Charleston 

0520 

32.9 

Oct  22 

Charleston 

1445 

<2.9 

Nov  05 

Charleston 

1220 

12.9 

L906 

Aug  05 

3 mmerville 

0102 

33.0 

1907 

Apr  19 

Charleston 

0330 

32.8 

1908 

Jon  15 

Summervil le 

1400 

33.0 

(Another  ’hock 

one  minute 

Mar  03 

Summerville 

1606 

33.0 

J908 

Mar  C ( 

Summerville 

0150 

33.0 

Oct  25 

Summerville 

2310 

33.0 

Oct  28 

Summerville 

0624 

33.0 

Dec  28 

.’lummerville 

06?4 

33.0 

.909 

Feb  .‘5 

Summerville 

2300 

33.0 

Aug  21 

iumnervilie 

0836 

33.0 

Dec  14 

Summerville 

1800 

<3.0 

1910 

May  02 

Summe rville 

0415 

'<3. 

Sep  0? 

Summervill*' 

0218 

1?." 

Sep  12 

Summervi 1 le 

1529 

<3.0 

19  L 1 

Apr  20 

NO-SC  border 

2200-2300 

35.2 

Nov  24 

Charleston 

0717 

32.8 

• M- 

ignitude  Indi 

rated  a.-  appropriate. 

#•  y: 

'ISU  - Virginia  Polytechnic 

Institute  an:  ■' 

1 n'  e IJniver. 

1 HUS  - ''’F'.irthq 

.-iKe  History  of 

the  '-nited  States,  Pub.  4 

N te . ' uree  lata:  KN  - Earthquake  tes  * V ;3  <*6,  1975. 


West 

Longitude  Intensity*  Sour -e  of  Data** 

ieg  MM  VPiSU  LHUS  -tner 


CAROLINA 


79.8 

X 

79.8 

X 

80.6 

X 

60.6 

X 

79.8 

X 

79.8 

VI 

X 

X 

79.8 

X 

79.8 

y 

81.1 

X 

79.8 

X 

80. 8 

X 

80.8 

V? 

X 

80.? 

x 

00.2 

X 

80.0 

IX-X 

x 

80.0 

VI 

X 

X 

80.0 

VII 

X 

60.0 

VI 

X 

80.2 

X 

■79.8 

IV-V 

X 

X 

80.8 

III-TV 

X 

later) 

60.2 

II1-IV 

X 

80.2 

II1-IV 

X 

60.2 

III 

X 

80.2 

III-1V 

X 

80.2 

III-1V 

X 

80.2 

X 

80.2 

X 

80.2 

X 

80.2 

X 

30.2 

X 

80.2 

X 

3.7 

V 

X 

X 

■O.B 

X 

*ity,  1Q75. 

14,  :;r, AA,  197  c. 


Sheet  2 of  *> 
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Table  4 


Historic  Earthquakes  in  the  General  Region  of  the 
Richard  B.  Russell  Project  Site 


No  rth 
latitude 
deg 


West 

Longitude 

deg 


Intensity* 

MM 


SOUTH  GAKOUNA  (continued) 


Mar  'l 

Charleston 

1525 

32.8 

79-8 

X 

Juri  12 

Summerville 

05  iO 

32.9 

80.0 

VI-VIII(VII) 

X 

• m w’9 

Summerville 

— 

32.9 

80.0 

X 

Aur.  30 

Diunmervi  lie 

1152 

32.9 

80.0 

X 

s*-p  29 

Summerville 

0306 

32.9 

80.0 

x 

N v 17 

Summerville 

07  30 

32.9 

00. 0 

X 

v 25 

Summervi 1 le 

2212 

32.Q 

60.0 

X 

Dec  07 

Union  County 

1410 

34.7 

81.7 

III-IV 

X 

Pee  L5 

Summerville 

1154 

32.9 

80.2 

X 

Jan  01 

Union  County 

1328 

>4.7 

81 .7 

VII-Vlll  (1) 

X 

Jan  25 

Summervi lie 

1937 

32.9 

80.2 

X 

K>  • b 05 

Summerville 

l60o 

32.9 

80.2 

X 

Mn  r 09 

Summerville 

1130 

32.9 

80.2 

X 

J.ri  06 

Summerville 

1320 

32.9 

80 . 2 

X 

Mr*  j-  Ob 

Darlington  4 Florence 

2020 

79.8 

III-IV 

X 

Mur  06 

Chester 

1530 

34.7 

81. 3 

III 

X 

May  11 

Walterboro 

2303 

32.8 

80.7 

III 

X 

.Tm,  |9 

Summervi] le 

0303 

33.0 

80..; 

III 

X 

Jul  11 

Summer’/  i.1  Le 

2053 

33.0 

80.  s 

IV 

X 

Jn : 1.4 

Summervi  He 

0300 

33.0 

80.2 

II 

X 

. S 

Summerville 

0204 

33.0 

80.2 

V 

X 

,v  ' ‘'j 

Summervi 1 le 

0655 

33.0 

80.2 

11 

X 

Charleston 

1955 

. 8 

79.8 

III-IV 

x 

Mar  02 

An demon 

0002 

82.7 

1V-V 

X 

A}  - 1 ( 

Summerville 

( f.  shocks ) 
0656 

33.0 

80.2 

IL 

x 

Apr  10 

Summerville 

0145 

33.0 

80.2 

II 

X 

.'un  5 

Summerville 

0705 

33.0 

80.2 

III 

X 

Ju  L l4 

Summerville 

1318 

33.0 

8c.  2 

X 

•>p  ‘4 

Summerville 

0442 

33.0 

80.2 

II 

X 

Ap  r 1 i 

Summe rvi lie 

1401 

33.0 

60.2 

I-Ii 

X 

An r 01 

Summervi lie 

0653 

33.0 

80 . ? 

II-.III 

X 

Apr  19 

Summervi l le 

1845 

33.0 

80.2 

III 

X 

At.  r 1 1 

Summervi 1 le 

1848 

33.0 

60.  S 

III 

X 

Summervi lie 

0425 

33.0 

>>0.2 

Il-Iii 

X 

Vi 

Summervi  i le 

2325 

3 3.0 

80.2 

III 

X 

M'*y  i >4 

Summervi . :e 

0555 

33.0 

bC.  2 

III 

- X 

|»r..?  ; ! 

'reenvi 1 . e 

2006 

34.8 

82.5 

1V-V 

V X 

F.‘b  i u 

. ummervi ! le 

1106 

13.0 

80.  S 

III 

\ 

'in  Oi 

Summervi i ie 

1043 

3i.O 

80. 

III 

x\ 

• •ft  ’«* 

Pickens  County 

0320 

35.0 

82.6 

V 

X 

J an  <H 

S iinmerv  L le 
Sumter 

0705 

13.9 

bo.  2 
80.  1 

; Two  moderate 

diui’ks  i'eit) 
X 
X 

Oct.  ?'i 

Due  Wert. 

2115 

34.  3 

82 . 4 

X 

■ U'b-  indicated  as  appropriate. 

- Virginia  I lyte  •hnic  Institute 
- "Farthquak'-  Hi  •*  ry  f the  Unite 
; - ln<  si i tv  VI  VI 1 

and  State  Ufivr 
d States,  I'ul  . 

- Hy, 
..4, 

1975. 

<">AA , 1 ' >7  . 

Sin 

> t 1 of  5 
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Table  U Historic  Earthquakes  in  the  General  Region  of  the 

Richard  B.  Russell  Project  Site 


Year  Into  Locality  Time 


Ilorth 

West 

Latitude 

U ngitude 

Intensity* 

: *’ 

deg 

deg 

VPISU  EliUf 

SOUTH  CAROL I HA  (continued) 


• 

Summervi ! le 

2030 

33.0 

60.2 

X 

09 

Due  West 

1902 

14.3 

02.4 

X 

(Aftershocks 

between  03 

arid  Oil  hours  on 

Dec  10) 

'Chesterfield  ' 

' unty 

2224 

34.5 

80.3 

X 

Ml 

May  0« 

Due  W-  :-t 

0718 

34.3 

62.  Ii 

X 

X 

(This  could 

be  Ao.  aban.M 

shock  ' : 

9 32 

. in  )6 

.’urnmerv  i l it* 

0735 

33.0 

80.2 

x 

•fan  i i 

Summerv  i i ie 

07  **0 

1 <.0 

80.2 

X 

>13 

Jul  25 

2 immerv  i i le 

2134 

33.0 

80.2 

III 

X 

Dec  19 

C mme  rv  i . ! o 

0912 

33.0 

80.2 

IV-V 

X 

X 

Dec  23 

Summervi ! le 

0440 

• • 

80.2 

X 

(Aftershock 

15  minutes 

later) 

9 5** 

Dec  09 

Summerville 

0500 

33.0 

80.2 

IV 

X 

! 9 35 

Feb 

0b 

Summerville 

07  36 

33.0 

80.2 

X 

Oct 

20 

Summerville 

1120 

33.0 

80.2 

X 

. .-6 

Dec 

29 

Summerville 

401 

33.0 

80.2 

X 

193T 

3c  t 

25 

Summerville 

1401 

33.0 

80.2 

X 

19 18 

Aug 

04 

Char lest on 

1914 

52.8 

80.0 

X 

. >40 

J'in 

05 

Summerville 

0845 

33.0 

60.2 

X 

■ •t 

07 

Summerv ille 

2220 

33.0 

30.2 

Dec 

27 

Summerville 

0432 

33.0 

80.2 

X 

>42 

>ct  31 

Winnsbo re 

2220 

34.4 

81.1 

X 

Dec  28 

Summervi]  ie 

1025 

33.0 

80.2 

IV 

X 

>44 

.1  :tn  28 

Summerville 

1330 

33.0 

80.2 

X 

>45 

Jan  30 

Summerville 

1620 

33.0 

80.: 

X 

May  Hi 

Chariest 

0820  4 0840 

32.8 

80.0 

(Blast  possibility) 

X 

Jun  05 

Wappoo  Heights 

32.8 

8 . 

X 

Columbia 

0632 

81.4 

V-VI 

X 

>46 

Feb  08 

.’omnerville 

1309 

33.0 

80.2 

X 

->47 

4 iv  01 

Summervi lie 

2330 

80.2 

X 

</, ) 

K-b  02 

Summerville 

0552 

33.0 

80.2 

X 

Jun  27 

Summervi 1 le 

0153 

33.0 

80.2 

X 

>‘  1 

Mar  03 

Summerville 

2155 

33.0 

80.2 

X 

Mar  07 

Summerville 

1920 

33.0 

80.2 

X 

I»  c 30 

Summervi lie 

0255 

33.0 

80.2 

X 

• 

Summerville 

0732 

33.0 

80.. 

X 

v reit 

by  one  hserverj 

X 

19 

Charleston 

— 

• . ' 

80. o' 

V 

X 

X 

956 

Jan  05 

Due  We3t 

0300  4 0330 

3;,.  3 

82.4 

IV 

X 

X 

May  19 

Due  West 

1400 

: : 

82.4 

IV 

X 

Due  West 

1825 

34.3 

82.4 

IV 

X 

* Magnitude  indicated  as  appropriate. 

’*  VPISt  - Virginia  Polytechnic  Institute  and  State  University,  1975- 
hhi'  - "Tarthquake  History  of  the  United  States,  Pub.  4l4,  N^AA,  1973. 
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Other 


Table  4 


Historic  Earthquakes  in  the  General  Region  of  the 
Richard  B.  Russell  Project  Site 


A 


North  West 

Time  Latitude  Longitude  Intensity*  Source  of  Data** 

Locality  EST  deg  deg  MM  VPISU  EHUS  Other 


SOUTH  CAROLINA  (continued) 


tc  t 

Anderson 

0116 

34.5 

82.8 

V 

X 

X 

359 

Aug  03 

Summerville  (near) 

0108:30 

33 

80 

VI 

X 

X 

l Ct  - t- 

Me Bee  (near) 

2107:28 

34.5 

80.2 

VI 

X 

X 

^60 

M nr  l? 

Coast  of  SC 

1247:40 

33.0 

79 

V 

X 

X 

Jul  ‘3 

'h  irleston 

.'237:30 

32.8 

79.8 

V 

X 

X 

96 1 

■ 

Summerville 

1043 

33.0 

80.2 

III 

X 

Oct  Vi 

Summerville 

1935 

33.0 

80.2 

III 

X 

>63 

Apr  1 1 

Greenville 

12:45 

34.8 

82.3 

IV 

X 

May  v)4 

>ff  Charleston 
• \>ast 

2101:36 

32.2 

79-7 

IV 

X 

964  Apr  v 

Columbia 

1303:46.6 

34.0 

81.0 

V 

X X 

965  S**p  oM 

‘heater 

2337:16 

34.7 

81.3 

X 

' 

Chester 

0942:20 

34.7 

81.3 

X 

’her.  ter 

0232:00 

34.7 

81.3 

X 

hester 

1325:02 

34.7 

81.3 

(N. 

Central  SC) 

X 

•o  ' Oct  . 3 

range burg 

0904:10 

33.4 

80.7 

V/3.8 

X 

■ ■ 

charleston 

2324 

32.8 

79-8 

Felt 

by  one  observer 

X 

Jul  10 

charleston 

0546 

32.8 

79.8 

X 

Jui  11 

Ash  Ley 

2012 

32.8 

79.7 

Felt 

by  two  residents 

X 

Sep  2 

Batesburg 

2141:18.5 

34.0 

81.5 

IV/3.7 

X 

Felt 

in  Richland  and 

Lexington  counties 

369  May  00 

West  f McCormick 

12:14  GMT 

33.95 

82.58 

3.3 

Long  (1974) 

May  l8 

W.»r‘  f McCormick 

10:54  GMT 

3.5 

long  1.1974) 

1 May  19 

■ irangfburg 

1251:03- 1 

33.3 

80.6 

IV/4.I 

X 

jui  13 

Seneca 

0612:26.0 

34.8 

83.0 

IV/3.8 

X 

Aug  : 1 

range burg 

— 

33.4 

80.7 

3.5 

X 

Fe : U ‘ 

'range burg 

2311:08.2 

33.5 

80.1 

V/4.5 

X 

( aftershocks ) 

Central  SC 

1505 

III/3.0 

X 

'3  Mar  s8 

Gaston 

0800 

2. 3-3.0? 

X 

immerviile 

L0  6:06.7 

33.0 

80.3 

X 

X 

'4  Aur  0 ' 

GA-SC  border 

0852:09.8 

33.9 

82.5 

VI/4.8 

X 

N’  / . 

Charleston 

0525:55 

32.9 

80.0 

VI /4. 3-4.7 

X 

*’i(  -9  ’ ; E 1 R 

.1  ocar.ee  Dam 

11:31  EST 

2.8 

X 

LIB 

> Pel  q4 

J -casee  Dam 

19:59  GWT 

3.0 

Long  ( 19  ) 

* • i t . :•  .ndi.-ated  as  appropriate. 

•*  Vt  ' - /;  rginia  Plytechni'-  Institute  and  State  University,  1975. 

. " I - "Earthquake  History  of  the  United  States,  Pub.  4l4,  NOAA,  1973. 
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Figure  13 
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MODIFIED  MERCAIXI  INTENSITY  SCALE  OF  1931 
(Abridged)  (from  Barosh') 

I.  Not  felt  except  by  a very  few  under  especially  favorable  circum- 
stances . 

II.  Felt  only  by  a few  persons  at  rest,  expecially  on  upper  floors  of 
buildings.  Delicately  suspended  objects  may  swing. 

III.  Felt  quite  noticeably  indoors,  especially  on  upper  floors  of  build- 
ings, but  many  people  do  not  recognize  it  as  an  earthquake. 
Standing  motor  cars  may  rock  slightly.  Vibration  like  passing  of 
truck.  Duration  estimated. 

IV.  During  the  day  felt  indoors  by  many,  outdoors  by  few.  At  night  some 
awakened.  Dishes,  windows,  doors  disturbed;  walls  made  cracking 
sound.  Sensation  like  heavy  truck  striking  building.  Standing 
motor  cars  rocked  noticeably. 

V.  Felt  by  nearly  everyone;  many  awakened.  Some  dishes,  windows,  etc., 
broken;  a few  instances  of  cracked  plaster;  unstable  objects  over- 
turned. Disturbance  of  trees,  poles  and  other  tall  objects  some- 
times noticed.  Pendulum  clocks  may  stop. 

VI.  Felt  by  all;  many  frightened  and  run  outdoors.  Some  heavy  furniture 
moved;  a few  instances  of  fallen  plaster  or  damaged  chimneys. 
Damage  slight. 

VII.  Everybody  runs  outdoors.  Damage  negligible  in  buildings  of  good  de- 
sign and  construction;  slight  to  moderate  in  well-built  ordinary 
structures;  considerable  in  poorly  built  or  badly  designed  struc- 
tures; some  chimneys  broken.  Noticed  by  persons  driving  motor 
cars . 

VIII.  Damage  slight  in  specially  designed  structures;  considerable  in 
ordinary  substantial  buildings  with  partial  collapse;  great  in 
poorly  built  structures.  Panel  walls  thrown  out  of  frame  struc- 
tures. Fall  of  chimneys,  factory  stacks,  columns,  monuments, 
walls.  Heavy  furniture  overturned.  Sand  and  mud  ejected  in  small 
amounts.  Changes  in  well  water.  Disturbed  persons  driving  motor 
cars . 

IX.  Damage  considerable  in  specially  designed  structures,  well  designed 
frame  structures  thrown  out  of  plumb;  great  in  substantial  build- 
ings, with  partial  collapse.  Buildings  shifted  off  foundations. 
Ground  cracked  conspicuously.  Underground  pipes  broken. 


Figure  13  (Continued) 

X.  Some  well-built  wooden  structures  destroyed;  most  masonry  and  frame 
structures  destroyed  with  foundations;  ground  badly  cracked.  Rails 
bent.  Landslides  considerable  from  river  banks  and  steep  slopes. 

Shifted  sand  and  mud.  Waster  spashed  (slopped)  over  banks. 

XI.  Few,  if  any  (masonry),  structures  remain  standing.  Bridges  des- 
troyed. Broad  fissures  in  ground.  Underground  pipe  lines  com- 
pletely out  of  service.  Earth  slumps  and  land  slips  in  soft 
ground.  Rails  bent  greatly. 

XII.  Damage  total.  Waves  seen  on  ground  surfaces.  Lines  of  sight  and 
level  distorted.  Objects  thrown  upward  into  the  air. 


53.  The  severest  historic  earthquakes  in  the  seismic  zones  are  as 
fol  lows : 

a.  Blue  Ridge  Zone:  Giles  County,  Virginia,  earthquake  of 
31  May  1897.  (The  earthquake  was  in  the  Blue  Ridge  physiographic 
province  but  not  in  the  mapped  region  of  the  Richard  B.  Russell  area.) 
Epicentral  MM  intensity  is  VII  (EHUS)  and  VII— VIII  ( Bo  1 1 inger-VPI ) . 
Figure  14  shows  the  felt  area  of  the  earthquake.  A review  of  the 
earthquake  has  been  provided  by  Bollinger  and  Hopper  (1971). 

b.  Piedmont  Zone.  Union  County,  Carolina,  earthquake  of  1 Jan- 
uary 1913.  Epicentral  MM  intensity  is  VI  to  VII  (EHUS)  and  VII-VIII 
(Bollinger-  VPI).  A map  of  isoseismals  of  the  Union  County  earthquake 
is  provided  in  Figure  15. 

c.  Coastal  Plain  Zone.  Wilmington,  North  Carolina,  earthquakes 
of  18  January  1884  and  5 March  1958.  (Outside  of  Richard  B.  Russell 
mapped  area.)  MM  intensity  V (EHUS). 

d.  Charleston-Summerville  Zone.  Charleston,  South  Carolina, 
earthquake  of  31  August  1886  had  an  epicentral  MM  intensity  of  IX  to  X 
(EHUS).  Isoseismals  of  the  Charleston  earthquake  are  show n on  Figure 
16.  Intensity  at  the  Russell  site  was  MM  VII.  (Adapted  from  Bollin- 
ger, 1976.)  See  Table  6 for  additional  treatment  of  intensity  data 
experienced  at  the  Russell  site  from  the  Charleston  earthquake  of 
1886. 

Attenuation  of  Earthquake  Motions 

54.  The  attenuation  of  short-period  surface  waves  in  the  Piedmont  was 
studied  by  L.  T.  Long  and  is  contained  in  Appendix  1.  Long's  equa- 
tion, valid  for  20  to  150  km,  is: 

Log  (A)  = -1. 5-2.0  Log  (D)  + M 

where  A is  velocity  in  mm/sec;  D is  km;  M is  Richter  magnitude  de- 
fined at  100  km.  ^ 

55.  An  alternative  graphical  solution,  developed  for  this  report  by 
E.  L.  Krinitzsky  and  Frank  K.  Chang,  is  presented  in  Figure  17.  The 
graphs  were  developed  from  seven  earthquakes  in  central  and  southeas- 
tern United  States.  Distance  from  source,  in  kilometers,  is  related 
to  change  in  MM  intensity  for  medium  to  very  large  earthquakes.  M ^ 
(magnitude  of  body  wave)  is  from  4.7  to  7.2  and  M (general  Richter 
magnitude)  is  5.5  to  7.5. 

Historic  Earthquakes  at  the  Richard  B.  Russell  Damsite 

56.  Historic  earthquakes  felt  at  the  Richard  B.  Russell  Site  are  tab- 
ulated in  Table  5.  Intensities  of  earthquakes  that  affected  the  re- 
gion during  historic  time  were  interpreted  for  their  intensities  at 
the  Richard  B.  Russell  Damsite.  The  severest  motions  at  the  site  were 
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earthquake. 


NEVI  MAORIO,  MO.  1811 
CHARLESTON,  S.C.  1686 
NEW  MAORIO,  MO.  1343 
NEW  MADRID,  MO.  1895 
VIRGINIA,  1887 
SOUTHERN  ILL.  1968 
SOUTHERN  ILL.  1857 
NEW  MAORIO,  MO.  1363 


1+  ' 


RICHTER 
MM  MAGNITUDE 


SI  3TT  EH 

MM  INTENSITY 


Relation  of  MM  Intensity  to  Epicentral  Distance  in  Central 
and  Eastern  United  States  (Krinitzskv  and  Chang). 
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Intensity  VI  for  the  New  Madrid  (1811-1812)  and  VII  for  the  Charleston 
(1886)  earthquakes.  The  Union  County,  South  Carolina,  earthquake  of 
1 January  1913  was  MM  IV  to  V at  the  Russell  Site.  The  Willington* 
earthquake  (1974)  that  occurred  near  the  Clark  Hill  Lake  was  felt  as  a 
MM  IV  to  V.  Thus,  the  worst  historic  earthquake  shaking  at  the 
Richard  B.  Russell  Site  was  MM  VII,  which  represents  the  Charleston 
1886  great  earthquake.  Only  considerable  damage  in  poorly  built  or 
badly  designed  structures  occurred.  Damage  from  the  1886  Charleston 
earthquake  is  described  by  Baker  (1933). 


♦This  earthquake  occurred  near  the  small  town  of  Willington,  South 
Carolina,  and  is  variously  known  as  the  "Clark  Hill  Reservoir  Area'  or 
"McCormick  County"  earthquake  of  2 August  1974.  Two  separate  isoseis- 
ma  1 s have  been  published  by  Talwani  and  Schleffer  (1976)  and  Long 
(1974). 


PART  VI  - EXAMINATION  FOR  ACTIVE  FAULTS 


57.  Earlier  sections  of  this  report  have  established  that  mapped 
faults  are  ancient  ones  which  date  back  to  orogenies  during  middle 
Paleozoic  time  and  to  subsequent  disturbances  during  Triassic  and 
Tertiary  time.  The  predominating  lithologies  of  metamorphosed  vol- 
canics  and  sediments  do  not  readily  show  faults  due  to  thick  saprolite 
and  vegetative  cover.  Thus,  faults  are  difficult  to  recognize  in  the 
field,  even  though  strong  geophysical  evidence  indicates  their  pres- 
ence. Most  of  the  faults  investigated  in  c lose  proximity  to  the 
project  were  exposed  because  of  secondary  cons i deration,  i.e.,  loca- 
tion of  the  diversional  channel,  the  presence  of  an  earthquake  in  the 
vicinity,  economic  interest,  and  so  f o r t h . 


Association  of  Earthquakes  with  Tectonism  and  Faults. 


58.  Earthquakes  are  associated  with  faults  on  the  basis  of  elastic 
rebound  theory.  Strains  build  up  in  the  rocks  due  to  tectonism  and 
exceed  rock  strength.  The  rock  fails  by  slipping  along  a fault,  and 
the  strain  is  relieved  along  the  plane  of  the  fault.  Thus,  the 
strained  portions  of  the  rock  can  experience  a sudden  rebound.  The 
movement  occurs  elastically,  and  vibratory  motions  (the  earthquake) 
are  set  up. 


59.  The  tectonism  which  developed  the  faults  in  the  project  area 
occurred  early  in  geologic  time.  Considerable  erosion  has  taken  place 
since  then,  but  there  has  been  no  tectonism  during  the  intervening 
time  and  none  is  evident  at  present.  Isostatic  rebound  is  occurring. 
Its  contribution  toward  the  activation  of  faults  is  believed  to  be 
minor;  however,  many  of  the  small  earthquakes,  Intensity  V or  less, 
might  be  attributed  to  isostatic  rebound. 


60.  From  the  evidence  provided  by  historic  earthquakes,  present-day 
tectonism  appears  to  be  geographically  restricted  to  an  irregular  belt 
along  the  coast  and  shelf  area.  This  tectonism  is  poorly  understood, 
but  the  major  earthquakes  at  Charleston  are  presumed  to  be  the  result 
of  fault  movements  along  this  zone  of  activity.  The  historic  earth- 
quakes have  not  caused  fault  movements  that  are  seen  on  the  ground 
surface.  Such  movement  has  occurred  presumably  in  the  subsurface. 


Definition  of  Active  Faults . 


61.  Faults  are  considered  to  be  active  if  it  is  judged  that  they  may 
move  at  some  time  in  the  near  future.  For  engineering,  it  means  that 
they  h :ve  the  potential  for  moving  during  the  life  of  a structure.  The 
principal  criterion  for  making  this  prediction  is  whether  they  have 
moved  in  the  recent  past. 

62.  The  Nuclear  Regulatory  Commission  (formerly  the  Atomic  Energy 
Commission)  uses  the  following  criteria  (1971,  1973): 

a.  Datable  movement  during  the  past  35,000  years. 

b.  Datable  movement  more  than  once  in  the  past  500,000  years. 

c.  Structural  interrelation  whereby  a fault  can  be  shown  to  move 
if  movement  occurs  on  a different  fault  with  proven  activity. 

d.  Instrumentally  determined  macroseismic  activity  relatable  to 
a fault. 

e.  Projection  of  a proven  active  fault  through  or  into  areas 
where  all  evidence  of  the  fault  or  its  activity  is  obscurred,  as  by 
thick  alluvium. 

63.  The  International  Atomic  Energy  Agency  (1972)  adds  the  following 
criteria: 

a.  Evidence  of  creep  movement  along  a fault.  Creep  is  slow  dis- 
placement, not  necessarily  accompanied  by  macroearthquakes. 

b.  Topographic  evidence  of  surface  rupture,  surface  warping,  or 
offset  of  geomorphic  features. 

64.  It  is  common  in  engineering  evaluations  to  call  a fault  active  if 
it  disturbs  any  Holocene  deposits  (no  older  than  10,000  years).  Dis- 
placement of  surficial  gravels,  recent  swamp  deposits,  and  Holocene 
alluvium  are  accepted  criteria.  (The  latter  includes  displacement  of 
A and  B horizons  of  soil,  palesol,  saprolite-soil  interface,  and  other 
surface  markers.) 

65.  All  of  the  above  criteria  depend  on  surface  manifestations  of 
fault  movements.  Faults  may  move  in  the  subsurface  and  have  no  sur- 
face manifestations.  A lack  of  surface  evidence  is  common  east  of  the 
Rocky  Mountains  in  the  United  States  and  in  Canada. 

Mapped  Faults. 

66.  Detailed  studies  and  traverses  were  made  across  mapped  faults  and 
lineations  in  order  to  examine  the  faults  for  evidences  of  movement 
(Appendix  D contains  studies).  No  evidence  of  movement  was  seen. 
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67.  Local  residents  were  questioned  to  learn  if  they  knew  of  ground 
breakage  anywhere  in  the  area.  No  one  knew  of  any  such  events. 

Linears  and  Lineaments . * 

68.  It  is  generally  recognized  that  most  earthquakes  of  large  magni- 
tude disrupt  the  ground  surface  locally.  Since  this  disruption  will 
often  be  localized  along  an  existing  fault  and  will  be  followed  by 
other  movements  along  adjacent  portions  of  the  same  fault,  a more  or 
less  continuous  narrow  zone  of  surface  disruption  develops  over  gi  lo- 
gical time.  These  surface  features  provide  excellent  clues  to  the 
seismic  activity  of  a region.  Long,  continuous,  narrow  zones  indicate 
a high  degree  of  seismic  activity  at  the  present  time,  while  the  lack 
of  such  zones  may  strongly  suggest  aseismic  conditions. 

69.  Accordingly,  a thorough  study  of  the  ground  surface  in  the  Pied- 
mont Province  and  adjacent  provinces  was  undertaken  as  a part  of  the 
study  for  the  Richard  B.  Russell  Project.  Inspection  of  aerial  photo- 
graph mosaics  had  revealed  that  the  surface  conditions  were  not  well 
exposed  for  the  direct  visual  approach,  and  similarly,  the  imagery 
from  satellites  showed  little  potential  for  the  details  sought  here. 
Instead,  it  was  felt  that  a detailed  examination  of  topographic  maps 
would  prove  most  effective. 

70.  All  available  current  topographic  maps  were  examined  in  the 
region  of  interest.  These  raw  data  were  particularly  useful  in  that 
they  eliminate  the  necessity  for  considerable  subjectivity  such  as 
used  in  the  interpretation  of  aerial  photographs.  Factors  such  as  sun 
angle,  season  of  the  year,  agricultural  and  cultural  overprints,  and 
photographic  quality  and  technique  were  completely  removed.  The  re- 
maining subjectivity  arose  in  judging  whether  features  evident  in  the 
topography  are  actually  related  to  geology  and  tectonic  history  or, 
instead,  are  strictly  geomorphic. 

71.  Topographic  map  coverage  for  the  region  is  complete.  In  only  a 
few  places  is  there  a lack  of  7-1 /2-rainute  quadrangle  coverage,  and  at 
these  places,  15-minute  quadrangles  are  available.  The  contour  inter- 
vals are  either  10  or  20  feet  so  that  even  the  gentle  topography  of 
the  Piedmont  Province  is  adequately  revealed. 

72.  Over  175  topographic  maps  were  examined  in  detail  for  this  study. 
Features  or  combinations  of  topographic  features  that  appeared  to  have 
a linear  nature  extending  over  a distance  of  at  least  a few  miles  were 
located  and  retraced  on  a base  map  of  the  AMS  series  of  topographic 


♦Linears,  as  intended  in  this  study,  are  straight  features  of  topog- 


raphy extending  usually  for 
or  combinations  of  linears. 
terminology  useful  (O'leary, 


a few  miles.  Lineaments  are  long  linears 
The  reader  may  find  a recent  review  of 
et  al,  1976). 
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maps  covering  one-  by  two-degree  areas.  Portions  of  this  series  pro- 
vide complete  coverage  for  the  area  of  interest.  Lineaments  mapped  in 
this  manner  had  lengths  averaging  approximately  four  miles,  as  seen  in 
t Figure  18.  Typical  features  represented  by  1 inears  on  the  map  are: 

a.  Alignments  of  round  knolls. 

b.  Alignments  of  broad  saddles. 

c.  Straight  portions  of  stream  valleys. 

d.  Long  straight  embayments  from  lakes. 

73.  In  the  course  of  assembly  of  the  data,  it  was  found  that  the 
style  of  topographic  linears  consists  of  two  types  of  patterns  evident 
throughout,  at  least  locally.  However,  the  development  of  linears  was 
noticeably  poorer  in  the  onlapping  younger  formations  in  the  southeas- 
tern portion  of  the  region,  i.e.,  the  Coastal  Plain  Province.  The 
flat-lying,  softer  formations  in  this  province  apparently  were  not 
conducive  to  the  development  of  linears.  In  fact,  some  of  those  fea- 
tures shown  on  Figure  18  are  probably  geomorphic  rather  than  structure 
related . 

74.  Within  and  adjacent  to  the  Blue  Ridge  Province  in  the  northwest 
corner  of  the  region,  the  development  of  topographic  linears  improves, 
and  not  all  of  those  evident  on  the  topographic  maps  are  shown  on  the 
figure.  The  more  systematic  development  in  this  part  of  the  region 
appears  to  be  related  to  the  more  common  occurrence  there  of  folded, 
layered  formations  of  different  hardness  and  erodability. 

75.  The  Brevard  Fault  zone  (Figure  19)  at  the  northwest  of  the  Pied- 
mont Province  is  expressed  topographically  by  several  lineaments  in 
the  upper  left  of  Figure  18. 

76.  Two  patterns  of  linears  stand  out  in  Figure  18.  First,  there  is 
apparently  an  evenly  dispersed  pattern  of  linears  that  seem  to  fall 
in  two  or  more  sets  around  any  given  locality.  Usually,  the  two  sets 
are  oriented  at  right  angles  and  conform  for  the  most  part  with  the 
structural  grain  of  the  Piedmont  Province.  One  set  trends  approxi- 
mately N 35°W  while  the  other  overall  prefers  a trend  of  about  N 55°E. 
It  is  concluded  from  the  present  study  that  the  evenly  dispersed 
linears  represent  a pervasive  structural  grain  manifested  by  differen- 
tial erosion  along  dikes,  bedding,  and  schistosity  and  by  enlargement 
of  joints  (Figure  9). 

77.  The  second  pattern  of  linears  consists  of  narrow,  concentrated 
zones  of  lineaments  extending  considerable  distances.  These  narrow 
zones  coincide  with  known  shear  ancient  zones. 

78.  Figures  20,  21,  and  22  show  the  lack  of  sharp  expression  in 
aerial  photographic  mosaics  of  two  old  fault  zones  and  the  Belair 
fault.  Figure  21  shows  the  Lowndesville  belt  which  exhibits  the  best 
lineament  expression  in  aerial  photographs  within  the  entire  region, 
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Geology  of  Region  around  Richard  B.  Russell  Project  Site 


FIGURE  19 


FIGURE  20 
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Aerial  Photographic  Mosaic  Showing  Lowndesville  Belt 
Southwes twa rd  to  Savannah  Kiver. 


Position  of  Be  lair  Fau.C  Northwest  of  Augusta,  Georgia 


FIGURE  22 


with  the  possible  exception  of  the  Brevard  Fault  zone.  The  Lowndes- 
ville  b^lt  appears  as  linear  features  on  a trend  S 60°W  to  the  Savan- 
nah River.  Continuation  of  this  belt  southwes tward  into  Georgia  is 
not  evident  in  the  aerial  photographs.  Figure  21  indicates  the  posi- 
tion of  the  Modoc  zone  in  the  Little  River  arm  of  Clark  Hill  Lake. 
Southwest  from  the  reservoir,  very  little  indication  of  this  zone  is 
found  in  the  aerial  photographs. 

79.  Figure  22  shows  the  position  of  the  Be  lair  fault  on  the  outskirts 
of  Augusta,  Georgia.  The  fault  lias  been  mapped  from  its  northeast 
extremity  at  the  Savannah  River  in  the  upper  parL  of  the  mosaic  to  its 
southwestern  extremity  near  the  edge  of  the  figure.  No  evidence  of 
this  fault  can  be  found  in  the  aerial  photographs,  and  systematic 
examination  of  topographic  maps  (Figure  18)  indicated  no  topographic 
expression. 

80.  The  distribution  of  earthquakes  and  general  seismicity  of  the 
region  are  summarized  in  Figure  12.  Felt  earthquakes  for  portions  of 
Georgia  and  South  Carolina  are  summarized  in  Table  4 (5  sheets). 

81.  The  geographical  distribution  of  earthquake  epicenters  in  the 
Piedmont  Province  shows  no  obvious  correlation  with  the  pattern  of 
linears.  This  is  an  additional  confirmation  of  the  suggestion  above 
that  linears  and  lineaments  are  related  to  geological  grain  rather 
than  ground  breakage  from  earthquake  activity. 

82.  Throughout  that  portion  of  the  Blue  Ridge  Province  that  falls  in 
the  region  of  interest,  no  correlation  of  epicentral  location  and 
Lineament  pattern  has  been  found.  Epicenters  appear  to  be  distributed 
more  or  less  randomly  in  this  province. 

83.  The  distribution  and  fault  mechanism  deduced  by  Taiwani  (1976) 
for  microseismic  activity  following  the  August  1974  earthquake  suggest 
an  active  surface  striking  parallel  to  the  structural  grain. 

84.  Topography  at  this  locality  was  carefully  examined  but  revealed 
no  surface  expression.  Linear  topography  or  even  surface  scarps  might 
be  expected  to  be  associated  with  long  continued  activity  along  a 
fault • 

85.  It  is  concluded  from  the  study  of  topography  that  the  evenly  dis- 
persed linear  pattern  represents  a pervasive  structural  grain  mani- 
fested by  differential  erosion  along  dikes,  bedding,  and  schistosity 
and  by  enlargement  of  joints.  On  the  other  hand,  the  narrow  zones  of 
linears  and  lineaments  seem  to  be  associated  with  known  shear  zones  of 
ancient  age.  No  lineaments  were  found  in  this  systematic  study  that 
resemble  those  along  presently  active  fault  zones  in  other  regions  of 
the  world.  No  surface  features  were  found  in  the  region  to  support 
recent  fault  activity  such  as  has  been  suggested  for  the  Belair  fault 
and  the  Patterson  Branch  fault. 
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Activity  of  Fault s . 

86.  Faults  near  the  site  show  no  evidence  of  any  recent  activity. 
Included  below  is  the  summation  of  specific  investigations  which 
sought  evidence  of  recent  fault  activity. 

Modoc  Fault. 

87.  The  Modoc  fault  was  examined  in  detail  along  the  shores  of  Clark 
Hill  Lake  and  along  South  Carolina  Highway  28  and  Georgia  Highways 
and  7 S . 


88.  No  direct  evidence  was  found  indicating  recent  mov-ment.  Myioni- 
tic  rocks  and  highly  cataclastic  gneiss,  "button  .-..hist"  and  flow- 
folded  amphibolite  within  the  zone  have  undergone  a period  of  penetra- 
tive deformation  and  rapid  increase  in  metamorphic  gradient.  Beddirv 
thrusts  were  found  and  traced  short  distances,  as  were  minor  offsets 
of  strike-slip  type  along  the  north  trending  joint  system.  All  shear 
features,  offset  joints,  and  thrusts  indicated  movement  restricted  t.» 
the  remote  geologic  past.  No  evidence  of  movement  in  the  past  10, On 
years  was  found  in  this  study.  Details  of  this  study  is  contained  in 
Appendix  3. 

a 1 1 1 t s in  the  W.  s t e r n Fo  r t i on  s o f t r.e  r • > ;>■.  e- • i l.ain  !;•,.>  • . i !'•!:. 

89.  The  study  of  this  area  found  no  evidence  of  active  faulting.  The 
scope  of  the  study  is  felt  to  be  adequate  when  viewed  in  the  light  of 
the  intensive  investigations  of  other  South  Carolina  investigators. 
The  Lowndesvile  belt,  like  the  Modoc  Zone,  indi  ated  no  recent  move- 
ment. Details  of  this  study  is  contained  in  Appendix  3. 

Diversion  Channel  Fault. 


90.  This  fault  exposed  in  the  diversion  channel  has  been  dated  from 
365  M.Y.B.P.  to  270  M.Y.B.P.  A stress  history  analysis,  including 
radiometric  dating,  was  performed  by  Dr.  lames  Neiheisal,  South  Atlan- 
tic Division  Lab,  and  this  report  is  included  in  Appendix  3. 

Patterson  Branch  Fault . 

91.  The  existence  of  the  Patterson  Branch  fault  was  lirst  indicated 
by  detailed  mapping  conducted  in  connection  with  aftershock  studies  of 
the  2 August  1974  earthquake  at  Willington.  Since  this  fault  was 
oriented  parallel  to  one  possible  fault  plane  solution  for  the  shock, 
it  was  further  studied  geologically.  No  movement  was  found  to  have 
recently  occurred  along  this  fault.  An  independent  evaluation  of  this 
fault  by  Dr.  Donald  Secor.  t'niversity  of  South  Carolina,  is  included 
i n Append i x 3 . 
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Towalipa  Fault,  Projection  in  Elbert  and  Hart  Counties,  Ce ■ >_rt  . i. 

92.  [’he  Geologic  Map  of  Georgia  ( 1976)  shows  the  Towaliga  Fault  t 
possibly  splay  into  two  branches,  one  intersecting  upstream  from  the 
proposed  Richard  B.  Russell  Dam  and  the  other  intersecting  upstream 
from  the  existing  Hartwell  Dam.  Detailed  examination  utilizing  fi  Id 
mapping  and  geophysical  techniques  failed  to  reveal  evidence  f,  r the 
location  of  the  fault  as  it  is  placed  on  the  maps.  Shear  zones  and 
FCR  breccia  dikes  occur  in  the  area.  No  evidence  of  recent  movement 
was  found  along  these  zones. 

Belair  Fault. 

93.  The  Belair  Fault  was  investigated  by  the  Corps  • • ineers  and 

the  USGS.  The  Corps  investigated  that  section  in  rt  rdon  military 
base  while  the  USGS  investigated  the  portion  of  the  fault  extending 
through  Richmond  and  Columbia  Counties,  Georgia.  In  November  1976, 
the  USGS  announced  that  the  final  results  of  their  investigation  indi- 
cated that  movement  has  not  taken  place  within  the  last  2 , 500  years, 
although  movement  tiad  occurred  within  the  last  50  million  years. 
Details  of  this  study  is  contained  in  Appendix  3. 
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PART  VII  - 1NTE R ) 1 K K l E I ) M A XIMI'M  EARTHQ'. VAKF. 

GROUND  MOTIONS  AT  THE  DAMSITE 

94.  Historic  seismicity  was  used  as  the  basis  for  interpreting  the 
maximum  events  that  could  be  expected  at  the  damsite. 

Seismic  Risk  Zones  and  Maximum  Earthquakes . 

95.  Seismic  Risk  Zones,  from  which  earthquake  events  can  be  expected 

to  be  registered  at  the  Richard  B.  Russell  site,  are  listed  in  Table 
6.  These  zones  are  the  Blue  Ridge,  Piedmont,  Coastal  Plain, 

Charles ton-Summervi 1 le  and  New  Madrid  (southeastern  Missouri  and  ad- 

ac'-nt  areas).  Maximum  historic  intensities  are  given  for  each  zone. 

96.  The  maximum  historic  intensity  was  taken  as  the  basis  for  tin 
maximum  earthquake  that  will  occur.  The  historic  record  for  largi- 
events  is  on  the  order  of  200  years.  The  inclusive  areas  that  have 
been  considered,  the  entire  Atlantic  Coastal  Plain  for  example,  ar.- 
very  large.  The  large  area  should  compensate  for  the  relatively  short 
record  in  any  one  place.  The  concept  of  reviewing  a large  area  can  be 
extended  still  further.  East  of  the  Rocky  Mountains,  there  are  only  a 
few  areas  of  strong  earthquake  activity.  These  are  New  Madrid,  the 
St.  Lawrence  Valley,  and  Charleston.  Without  these  active  centers  in 
which  severe  earthquakes  have  occurred,  the  maximum  intensity  of 
earthquake  for  the  region  east  of  the  Rock  Mountains  is  VII  with  a 
corresponding  order  of  magnitude*  (M)  of  5.5  (Nutlli,  1976,  personal 
communication).  An  intensity  of  VII  to  VIII  is  postulated  by  Bollin- 
ger for  the  Union  County,  South  Carolina,  earthquake  of  1 January 
1913;  however,  VII  is  taken  to  be  the  value  of  the  Law  Engineering 
(1972)  and  VI  to  VII  is  given  by  the  EHUS  (Coffman  and  van  Hake, 
1973).  Though  an  VIII  may  be  interpreted  because  of  some  local  suscep- 
tibility, a strong  VII  appears  to  be  the  most  likely  maximum  intensity 
for  earthquake  effects  in  this  region.  For  the  Coastal  Plain,  the  in- 
tensity is  V to  VI  and  is  closer  to  M of  5. 

97.  In  the  zones  of  very  strong  seismicity,  Char leston-Summervi 1 le 
and  New  Madrid,  again  the  maximum  earthquakes  are  interpreted  to  be 
equal  to  the  maximum  historic  events.  The  New  Madrid  earthquakes  of 
1811-1812  are  comparable  to  the  largest  that  have  occurred  in  North 
.America  excluding  the  Alaska  earthquake  of  1964.  The  New  Madrid  area 
clearly  does  not  have  a comparable  potential  in  magnitude,  but  the 


'Magnitude  (Richter  scale)  is  calculated  from  a standard  earthquake, 
one  which  provide.;  a maximum  trace  amplitude  of  one  micrometer  on  a 
Wood-  Anderson  torsion  seismograph  at  a distance  of  100  km.  Magnitude 
is  the  log  of  the  ratio  of  the  amplitude  of  any  earthquake  at  the 
standard  distance  to  that  of  the  standard  earthquake.  Each  full 
numeral  step  in  the  scale  (2  to  3,  for  example)  represents  an  energy 
increase  of  about  32  times. 
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historic  intensity  of  XI  for  New  Madrid  was  not  exceeded  in  the  Alaska 
earthquake.  For  the  Char leston-Summervi 1 Le  area,  a maximum  intensity 
of  X is  assumed  on  the  basis  of  the  1886  event. 

98.  In  none  of  these  seismic  risk  zones  is  it  possible  to  restrict 
the  maximum  earthquakes  to  identifiable  faults.  Thus,  the  assumption 
must  be  made  that  the  earthquakes  can  occur  anywhere  in  their  respec- 
tive zones. 

99.  In  the  Piedmont,  the  maximum  earthquake,  with  an  intensity  of  VII 
and  a corresponding  magnitude  of  5.5,  can  occur  at  the  site.  (This 
premise  is  based  upon  the  most  severe  historic  seismicity  and  the  work 
of  Long  (1976),  bound  in  Appendix  J).  Thus,  in  Tabl  • 6,  a zero  dis- 
tance is  shown.  The  focal  depth  is  taken  to  be  5 to  10  km.  The 
faulting  is  reverse,  or  thrust,  since  the  rocks  are  in  compression  (cf 
Sbar  and  Sykes,  1973).  Table  6 is  on  page  61. 

100.  Table  6 shows  distance  in  km  to  the  nearest  boundaries  of  the 
Blue  Ridge,  Coastal  Plain,  Char les ton-Summervi 1 le , and  New  Madrid 
zones.  Maximum  earthquakes  for  each  of  these  zones  have  been  attenu- 
ated to  the  Richard  B.  Russell  site,  and  site  intensities  are  given. 
These  values  represent  the  worst  earthquake  effects  that  can  be  ex- 
pected at  the  Russell  site  from  the  specified  seismic  risk  zones. 

The  Problem  of  Reservoir-Related  Earthquakes. 

101.  About  30  reservoirs  over  the  world  have  experienced  seismicity 
which  may,  in  some  cases,  be  related  to  reservoir  loading  and  in  other 
cases  be  unrelated.  Many  hundreds  of  reservoirs  have  experienced  no 
seismicity. 

102.  A concern  at  the  Russell  site  is  the  question  of  possible  in- 
duced seismicity.  A connection  has  been  made  between  the  presence  of 
dams  and  earthquakes.  USGS,  Branch  of  Earthquake  Mechanism  in  Wash- 
ington, DC,  is  critical  of  reports  that  link  damsites  and  earthquakes 
by  statistical  inference.  Dr.  James  Devine,  USGS  geophysicist,  con- 
tends that  these  reports  fail  to  take  into  account  background  seismi- 
city, or  quakes  that  would  occur  regardless  of  dams  being  built. 
Devine  stated  that  the  places  you  build  dams  are  also  places  where 
there  are  often  earthquakes  (San  Francisco  Examiner,  January  1977). 

103.  A tabulation  of  300  reservoirs  around  the  world  with  heights  of 
over  100  meters  show  the  following:  Two  hundred  and  sixty-eight  show 
no  change  in  seismicity;  twenty  have  shown  increase  in  seismicity  of 
which  five  have  had  destructive  earthquakes. 

104.  The  record  for  Piedmont  Province  reservoirs  is  as  follows: 
Fifty-nine  reservoirs  exist  in  the  Appalachians;  ten  of  the  fifty-nine 
have  had  minor  earthquake( s ) after  impoundment;  one  of  the  ten,  Clark 
Hill,  has  had  two  felt  earthquakes.  One  occurred  in  1960  at  a dis- 
tance from  the  dam  which  would  preclude  induction;  the  other,  at 
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Wiilington,  South  Carolina,  1974,  is  discussed  in  Paragraph  106.  The 
ten  reservoirs  can  be  further  subdivided  to  show  that  six  of  the  ten 
did  not  experience  the  earthquake  until  seven  years  or  more  after  im- 
poundment, and  four  of  the  ten  di.d  not  experience  the  earthquake  until 
four  years  after  impoundment.  Since  reservoi r- induced  earthquakes 
appear  to  occur  upon  reservoir  filling  and  for  five  to  ten  years 
afterwards,  but  are  not  known  to  have  occurred  10  to  20  years  after 
impoundment,  the  record  for  Piedmont  Province  reservoirs  indicates 
that  they  have  not  shown  induced  seismicity;  rather,  they  only  reflect 
the  natural  seismicity  of  the  region. 

Earthquakes  at  Clark  Hill  Reservoi r . 

105.  Two  felt  earthquakes  have  occurred  nearby  in  the  Clark  Hill 
area.  One  was  the  MM  Intensity  VL  earthquake  at  Lincolnton,  Georgia, 
on  l November  1875,  about  25  km  from  the  Russell  site.  The  other  was 
the  Wiilington,  Georgia-South  Carolina,  earthquake,  Intensity  V,  of 
2 August  1974,  which  was  about  15  km  from  the  Russell  site. 

106.  The  first  earthquake,  in  1875,  occurred  long  before  there  was  a 
reservoir  on  the  Savannah  River.  The  second,  in  1974,  occurred  in  the 
environs  of  the  Clark  Hill  Lake;  however,  Clark  Hill  had  been  in 
operation  then  for  21  years.  The  long  period  of  time  between  filling 
of  the  reservoir  and  the  occurrence  of  the  1974  earthquake  indicates 
that  the  earthquake  is  independent  of  the  reservoir. 

M ic roear thguakes  at  Clark  Hill  Lake . 

107.  The  1974  earthquake  was  followed  by  a series  of  aftershocks  in 
the  form  of  microearthquakes  (events  so  small  that  they  are  felt  only 
by  instruments).  These  microearthquakes  were  observed  i n t ermi t t ant ly 
by  Talwani  (1976)  during  a 7-1 /2-month  period  after  the  earthquake. 
The  reservoir  level  had  a rise  of  five  feet  in  three  days  during  a 
period  when  observations  were  being  made.  Talwani  noticed  a corres- 
ponding increase  in  seismic  activity  with  a 2-day  lag.  This  short 
period  of  observation  is  insufficient  to  demonstrate  a conclusive 
relationship  between  the  small  reservoir  rise  of  five  feet  in  three 
days  and  the  increase  in  microearthquake  activity.  Further  observa- 
tions are  desirable  and  are  being  made  to  establish  background  levels 
of  local  microseismicity. 

108.  The  microearthquakes  have  occurred  in  an  elliptical  zone  which 
trends  northeast  to  southwest.  The  major  axis  is  about  five  km  in 
length,  and  the  minor  axis  is  about  two  km  according  to  Bridges 
( 1975).  The  microearthquakes  .ire  shallow.  They  are  most  numerous  at 
from  the  near  surface,  one-half  to  one  km,  to  about  five  km  (Long, 
17  December  1976).  They  diminish  in  number  with  depth  and  die  out  at 
about  20  km.  The  zone  forms  a seismic  hotspot.  Its  location  is 
roughly  along  a boundary  between  two  zones  of  metamorphic  rocks,  the 
Carolina  slate  belt  and  the  Charlotte  belt.  Composite  fault  plane 
solutions  of  aftershocks  show  that  the  movements  are  strike  slip  and 
dip  slip  (see  Scheffler,  1973). 
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109.  Compress iona 1 and  tensional  forces  may  work  together  in  this 
portion  of  the  Piedmont.  One  can  visualize  a situation,  akin  to  that 
of  a glacier,  where  there  is  flow  at  depth  through  a process  of  plas- 
tic deformation  in  which  the  forces  are  compress ional . Near  the 
surface,  the  glacier  is  shattered  with  fissures  and  crevasses  repre- 
senting conditions  of  tension.  The  contrast  is  there  because  motion 
is  not  uniform  through  the  section.  Similarly,  lateral  motions  in 
zones  of  rocks  in  the  Piedmont  may  be  taken  up  by  a sort  of  plastic 
flow.  Adjacent  rocks  with  dissimilar  properties  of  deformation  may 
not  deform  in  concert.  The  nondeforming  material  may  then  behave  as  a 
brittle  substance  and  shatter,  producing  microearthquakes  within  a 
narrow,  shallow  zone  akin  to  the  crevasse  areas  of  a glacier.  At 
depth,  the  rock  may  deform  plastically  and  not  be  active  seismically. 

110.  A model,  similar  to  that  described  above,  would  explain  the  hot- 
spot of  seismicity  at  Clark  Hill.  It  would  explain  the  shallow,  iso- 
lated character  of  the  hotspot  and  the  absence  of  hotspots  at  other 
areas,  notably  at  the  nearby  Hartwell  Lake. 

111.  If  the  above  concept  of  a hotspot  is  valid,  the  model  is  self- 
limiting  with  regard  to  the  maximum  earthquake  that  can  be  generated 
in  a hotspot.  The  dispersal  of  movement  along  a zone  of  shallow 
faults  presupposes  a dispersal  of  the  energy  available  for  earth- 
quakes; therefore,  there  will  not  be  a buildup  to  a very  large  earth- 
quake • 

Calculation  of  Maximum  Induced  Seismicity. 

112.  Appendix  1 contains  a theoretical  analysis  prepared  by  Dr.  L.  T. 
Long  for  defining  the  maximum  value  for  a possible  induced  earthquake 
in  the  Piedmont  area  of  the  Clark  Hill  and  Russell  Lakes.  Long  places 
limits  that  define  a maximum  earthquake  by  limiting  the  size  of  activ- 
ity on  a fault  plane  to  39.5  km  c in  accord  with  the  extent  of  micro- 
earthquake activity  observed  near  Jocassee  Lake^  Microearthquakes  at 
Clark  Hll  indicate  a fault  plane  of  about  10  km  . The  stress  drop 
estimates  for  th^e  events  is  six  bars.  For  this  combination  of  six 
bars  and  39.5  km  c of  activated  fault,  a maximum  magnitude  of  5.6  is 
calculated.  The  value  is  consistent  with  the  maximum  magnitude  of  5.5 
previously  cited  from  seismic  history. 

Evaluation  of  Possible  Induced  Seismicity. 

113.  Though  a maximum  induced  earthquake  can  be  postulated,  equal  to 
the  maximum  seen  in  the  historic  seismicity  over  comparable  portions 
of  eastern  United  States,  there  is  no  reliable  and  proven  method  in 
the  present  state-of-the-art  by  which  to  say  that  an  induced  earth- 
quake will  or  will  not  occur  (c_f  report  on  induced  seismicity  by 
Dr.  David  T.  Snow  in  Appendix  1 and  critique  by  Don  C.  Banks,  Frank 
McLean  and  E.  L.  Kinitzsky).  The  most  conservative  analysis  is  to  as- 
sume that  an  induced  earthquake  will  occur  and  that  it  will  occur  at 
the  damsite.  Table  6 lists  two  earthquakes  at  the  damsite.  One  is 
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for  a reverse  fault  in  accord  with  the  regional  tectonics.  The  other 
is  a tensional  fault.  The  tensional  fault  is  in  accord  with  the  in- 
terpretation from  aftershocks  in  the  Clark  Hill  area.  Both  events  are 
magnitude  '3.5,  MM  Intensity  VII,  and  with  focal  depths  of  5 to  15  km 
for  the  thrust  fault  and  1 to  10  km  for  the  normal  fault.  Maximum 
Earthquake , occurring  at  the  damsite  with  two  possible  focal  plane  and 
fault  mechanisms,  is  adopted  as  a Design  Earthquake.  Therefore,  bed- 
rock ground  motions  scaled  from  selected  earthquake  records  represen- 
tative of  the  design  earthquake  will  be  accommodated  for  and  utilized 
under  the  dynamic  analysis. 

114.  Snow,  when  writing  about  induced  earthquakes  (cf  Conclusions, 
page  50  of  Appendix  1),  states  that  "there  is  scant  evidence  (except 
Koyna)  that  the  maximum  probable  quake  may  exceed  the  expectation  of 
natural  events...  ."  Were  the  Koyna  area  to  have  been  studied  in  the 
same  way  as  Richard  B.  Russell,  the  active  surface  faults  at  Koyna 
would  have  been  recognized  and  a set  of  motions  much  more  severe  than 
those  felt  at  Koyna  would  have  been  assigned.*  In  fact,  with  a much 
less  hazard,  the  Richard  B.  Russell  site  was  given  motions  that  are  as 
severe  as  those  experienced  by  the  Koyna  earthquake  of  Magnitude  6.5. 
Table  10  lists  the  Koyna  earthquake  with  a scaling  factor  of  one  for 
use  at  the  Richard  B.  Russell  Site. 

Near  Field  Versus  Far  Field. 

115.  Table  6 shows  peak  motions  that  were  assigned  for  near  and  far 
field  conditions. 

116.  Near  and  far  field  values  for  MM  intensity  versus  horizontal 
acceleration  are  shown  in  Figure  23.  The  data  are  those  of  the  187 
strong  motion  records  from  western  United  States  that  were  uniformly 
processed  at  the  California  Institute  of  Technology.  Peak  values  in 
the  far  field  are  a fifth  of  those  in  the  near  field  for  corresponding 
MM  intensities.  The  records  were  selected  because  of  availability  and 
a noted  lack  of  appropriate  strong  motion  records  for  eastern  United 
States . 

117.  In  the  near  field,  complicated  reflection  and  refraction  of 
waves  occur  in  the  subsurface  with  resonance  effects  and  a large  range 
in  the  scale  of  ground  motions.  Intense  ground  motions  and  high- 
frequency  components  of  motion  are  present.  In  the  far  field,  the 
wave  patterns  are  orderly;  the  oscillations  in  wave  forms  are  more 
muted  and  more  predictable;  and  frequencies  are  lower. 


*Gupta,  et  al  (1969),  notes  that  seismicity  at  Koyna  was  noted  prior 
to  impoundment,  and  rare  tremors  were  observed  by  inhabitants  near  the 
construction  site.  The  seismograph  operating  at  Poonna  (distance  from 
the  site  120  km)  also  reveals  tremors  for  this  region  prior  to  the 
dam  being  built. 
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118.  The  distance  from  epicenter  to  the  limit  of  the  near  field,  and 
beginning  of  the  far  field,  varies  with  the  magnitude  of  the  earth- 
quake. Table  7 shows  limits  of  the  near  field  for  various  magnitudes 
and  intensity  levels  of  earthquakes. 

Intensities  Versus  Peak  Ground  Motions . 

111.  Figures  24  and  25  show  the  relation  between  MM  intensity  and  ac- 
celeration for  near  field  and  far  field  respectively.  Figures  26  and 
27  show  intensity  versus  velocity,  near  and  far  field,  and  Figures  28 
and  29  for  displacement,  near  and  far  field.  The  motions  are  hori- 
zontal. Vertical  components  of  motion  are  taken  to  be  two-thirds  the 
horizontal.  The  figures  also  show  mean  and  mean  plus  one  standard 
deviation  for  each  intensity  level.  The  projected  lines  of  10  percent 
increments  show  the  spread  between  the  mean  (50  percent)  and  the  maxi- 
mum projected  line  or  limit  of  observed  data  (100  percent).  The  pro- 
jection of  these  lines  is  intended  to  compensate  for  the  lack  of  data 
at  higher  intensity  levels.  Note  that  for  near  field  acceleration, 
the  mean  plus  one  standard  deviation  declines  from  Intensity  VII  to 
Intensity  '/111.  The  decline  is  because  of  a lack  of  data  at  Intensity 
VIII  and  not  because  the  values  should  decline.  The  curves  for  these 
percentage  increments  are  suitable  for  obtaining  peak  motions  at 
levels  selected  either  at  the  maximum  or  at  lesser  levels  determined 
by  decisions  on  the  seismic  risk  that  is  acceptable. 

120.  No  distinction  was  made  between  data  from  soil  and  rock  since 
the  values  overlap  too  greatly  to  provide  useful  comparison.  The 
figures  are  intended  to  provide  peak  components  of  ground  motion  on 
bedrock  at  the  surface. 

121.  Table  6 shows  peak  motions  for  acceleration,  velocity,  and  dis- 
placement that  were  selected  for  the  major  seismic  risk  zones.  The 
motions  are  for  the  MM  intensities  at  the  sites.  The  appropriate 
field  conditions  are  shown.  The  motions  are  based  on  the  70  to  80 
percentage  bands  for  the  near  field  and  for  higher  bands  in  the  far 
field.  See  Figures  24  through  29. 

122.  Durations  on  Table  6 are  obtained  from  the  peak  values  on 
Figures  30  and  31. 

Comparison  With  Alternative  Methods. 

123.  At  this  point,  comparisons  can  be  made  with  other  methods  that 
are  used  to  obtain  peak  motions.  Table  8 shows  peak  horizontal  ground 
motions,  interpreted  from  various  authors,  for  bedrock  at  the  Richard 
B.  Russell  site. 

Intensity-Acceleration  Correlation s . 

124.  Commonly  used  correlations  between  intensity  and  acceleration 
are  shown  in  Figure  32.  Included  are  correlations  established  bv 
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ACCELERATION 


Acceleration  Versus  Ml’  Intensity  in  the  Near  Field.  Also 
Shown  in  the  Mean,  Mean  plus  One  Standard  Deviation,  and  10 
percent  Inc-  ,,ent  Between  the  Projected  Mean  and  the  Limit 
of  r'f  „ed  Data  (Krinitzskv  and  Chang). 


percent  Increments  Between  Projecte 
Observed  Data  (Krinitzsky  and  Chang 


Shown  is  the  Mean,  Mean  plus  One  S 
percent  Increments  Between  the  Pro 
of  Observed  Data  (Krinitzsky  and  C 
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125.  For  MM  VII  at  the  site,  the  above  correlations  give  0.04g  to 
O.lg.  The  value  used  in  this  report  is  a range  of  0.4  to  0.5g.  For 
MM  VI,  the  curves  give  0.02  to  0.07 g compared  with  0.18 g maximum  in 
this  report. 

126.  Values  in  this  report  are  believed  to  be  more  realistic  and  are 
more  conservative  than  those  which  are  obtained  using  mean  values. 

Nuttli's  Studies  for  Central  United  States. 

127.  Nuttli  (1973)  developed  ground  motions  for  various  levels  of 
earthquakes  in  central  United  States  and  for  varying  distances  from 
epicentral  areas.  His  motions  are  specified  for  .3,  1,  and  3 Herz 
waves.  Maximum  motions  from  Nuttli  are  shown  on  Table  8. 

128.  Nuttli's  motions  are  peak  recurrent  values,  and  they  are  resul- 
tant motions  rather  than  horizontal  motions.  Resonance  effects  and 
the  buildup  of  motions  from  combinations  of  spectral  components  were 
not  assessed  in  Nuttli's  tables.  Consequently,  his  values  are  much 
lower,  and  consequently  less  conservative,  than  those  used  in  this  re- 
port. 

Schnabel  and  Seed. 

129.  Schnabel  and  Seed  (1973)  provided  values  for  maximum  accelera- 
tion in  rock  for  western  United  States.  In  the  near  field  (see  Figure 
33),  their  curves  show  0.38  to  0.52g  for  magnitude  5.6,  equivalent  to 
MM  intensity  VII.  Their  upper  value  of  0 . 5 2 g compares  favorably  with 
the  upper  value  of  0.5g  obtained  in  this  study. 

130.  For  the  far  field,  the  Schnabel  3nd  Seed  curves  cannot  be  used 
for  southeastern  United  States  as  the  attenuation  by  distance  is  not 
comparable. 

U.S.  Geological  Survey:  Western  United  S taLes . 

131.  The  Department  of  Interior  Geological  Survey  data  for  selected 
earthquakes  of  the  western  United  States  (Page,  et  al,  1972)  are  shown 
in  Figures  34  to  36.  These  relate  accelerations,  particle  velocities, 
and  displacements,  respectively,  to  magnitude  of  earthquake  and  dis- 
tance from  source.  These  data  were  developed  for  studies  related  to 
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the  Trans-Alaska  Pipeline.  Superimposed  are  lines  taken  from  Nuttli 
(1973)  which  represent  a maximum  New  Madrid  earthquake  for  the  central 
United  States  with  a magnitude  of  7.5. 

132.  In  the  epicentral  area  for  the  magnitude  5.0  to  5.9  earthquake, 
the  acceleration  is  0.5g,  directly  comparable  to  the  maximum  value 
selected  in  this  study.  The  Geological  Survey  displacement  of  22  cm 
is  the  same  as  the  20  cm  maximum  in  this  study.  The  Geological  Survey 
velocity  is  72  cm/sec,  appreciably  higher  than  the  30  to  45  cm/sec  of 
this  study. 

133.  The  72  cm/sec  is  taken  from  the  Cholame  Shandon  Array  No.  2 of 
the  Parkfield  earthquake  located  0.08  km  from  the  movement  on  the  San 
Andreas  fault.  The  California  Institute  of  Technology  (1971-1975) 
compilation  of  strong  motion  records  lists  this  motion  at  77.9  cm/sec. 
Figure  26  shows  this  peak  velocity  corresponding  to  an  assumed  MM  In- 
tensity of  VII.  The  data  point  is  so  extraneous  to  all  the  rest  of 
the  data  for  MM  Intensity  VII  that  the  point  has  been  discounted.  The 
70  to  80  percent  band  was  used  to  arrive  at  30  to  45  cm/sec.  It  is 
believed  that  the  lower  values  accepted  for  in  this  report  are  still 
very  conservative. 

134.  These  USGS  charts  have  not  been  compared  for  the  far  field 
conditions  at  the  Russell  site  because  the  attenuations  with  distance 
are  greatly  different  in  the  southeast  from  those  in  western  United 
States . 

135.  Figure  37  shows  a comparison  between  USGS  durations  (Page,  et 
al,  1972)  and  those  of  Krinitzsky  and  Chang  (1977,  in  preparation), 
and  Bolt  (1974)  for  the  near  field  for  various  magnitudes  of  earth- 
quakes. Durations  in  this  report  are  bracketed  durations  of  accelera- 
tions greater  than  0.05g.  For  magnitude  5.5,  the  USGS  duration  of  10 
sec  is  double  that  of  Krini t zsky-Chang  which  is  5 sec.  Bolt  is  inter- 
mediate with  8 sec.  The  Kr ini t zsky-Chang  durations  used  in  this  re- 
port separate  soil  and  rock.  Rock  has  roughly  half  the  duration  of 
soil.  The  USGS  has  not  used  this  separation  and  their  value  repre- 
sents all  data.  Their  value  is  unnecessari ly  conservative . 

U.S.  Geological  Survey:  Eastern  United  States. 


136.  For  the  eastern  United  States,  the  U.S.  Geological  Survey  (1975) 
uses  the  distance  versus  acceleration  graph  shown  in  Figure  38.  The 
curves  (solid  lines)  are  taken  from  Schnabel  and  Seed  (1973)  and  were 
modified  (dashed  lines)  by  attenuating  the  lines  according  to  the 
attenuations  of  Nuttli  (1973)  for  the  central  United  States. 

137.  The  USGS  peak  acceleration  for  the  near  field  is  0.6g,  compara- 
ble to  the  upper  value  of  this  study.  For  the  far  field  (100  km  with 
a magnitude  of  5.6),  the  USGS  has  0.04g  compared  to  0.18g  maximum. 
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Trifunac  and  Brady. 

138.  The  values  generated  by  Trifunac  and  lirady  ( 1975)  for  ground 
motions  in  relation  to  intensity  for  the  western  United  States  are 
shown  in  Figure  39.  The  values  do  not  distinguish  between  near  field 
and  far  field  as  was  done  in  this  report.  Otherwise,  the  data  used  by 
Trifunac  and  Brady  and  in  this  report  are  the  same. 

139.  The  values  of  Trifunac  and  Brady  for  one  standard  deviation  on 
the  plus  side  for  a near  field  Intensity  VII  are  much  less  than  those 
used  in  this  report.  It  is  the  same  for  the  far  field  Intensity  VI. 
The  Trifunac  and  Brady  values  are  handled  in  a purely  statistical 
manner  and  do  not  reflect  the  interpretative  handling  they  were  given 
in  this  report. 

Ambraseys. 

140.  Ambraseys  (see  Johnson  and  Heller,  1974)  has  reasoned  that  there 
is  no  upper  bound  to  ground  acceleration,  but  that  particle  velocity 
has  an  upper  bound.  Ambraseys  developed  an  empirical  equation  for  the 
relationship  between  the  peak  particle  velocity,  the  magnitude  of  an 
earthquake,  and  the  distance  from  the  focus  which  was  developed  for 
epicentral  distances  of  10  to  150  km  and  magnitudes  5 to  7.  Figure  40 
shows  maximum  values  for  the  above  relationships.  Ambraseys  values 
both  for  the  near  field  and  far  field  closely  approximate  those  devel- 
oped in  this  report. 

USGS:  Algermissen  and  Perkins. 

141.  Algermissen  and  Perkins  (1976)  have  developed  a contour  map  of 
the  United  States  which  shows  acceleration  as  a percent  of  g with  a 90 
percent  probability  of  not  being  exceeded  in  50  years.  For  the 
Russell  site,  their  value  is  O.llg. 

Nuclear  Powerplants. 

142.  A summary  of  peak  accelerations  used  for  nuclear  powerplants  in 
the  general  region  is  shown  in  Table  9.  A map  showing  locations  of 
nuclear  powerplants  is  shown  in  Figure  41.  Essentially,  values  used 
in  this  report  are  very  conservative  compared  to  those  which  have  been 
accepted  for  nuclear  powerplants. 

Time  Histories  of  Ground  Motions. 

143.  A list  of  strong  motion  records  selected  for  rescaling  is  tabu- 
lated in  Table  If).  The  collection  of  records  is  contained  in  Appen- 
dix 2 . 

144.  The  scaling  factor  in  Table  10  is  based  on  the  peak  motions 
listed  in  Table  8.  The  factor  is  based  on  scaling  of  velocity;  for 
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Table  9 


Nuclear  Plant  Seismic  Designs 


Plant 


Material 


Piedmont  Province 


DBE/SSE*  OBE* 
Accel,  g Accel,  g 


Catawba 

Continuous  rock 

0.15 

0.08 

Oconee 

Bedrock 

0.10 

0.05 

Overburden 

0.15 

— 

McGuire 

Jointed  rock,  slightly 
weathered 

0.15 

0.08 

Anderson 

Firm  bedrock 

O.lU 

0.07 

Cherokee 

Closely  jointed, 
weathered  rock 

0.15 

0.08 

Virgil  C. 

. Summer 

Rock 

0.15 

0.10 

Residual  soil 

0.25 

0.15 

Coastal  Plain  Province 

Barnwell 

Soft  sedimentary  rocks 
and  soils 

0.20 

0.12 

Edwin  I. 

Hatch 

Soft  sedimentary  rocks 
and  soils 

0.15 

0.08 

H.  B.  Robinson 

0.20 

0.10 

Alvin  W. 

Vogtle 

Soft  sedimentary  rocks 
and  soils 

0.20 

0.12 

* DBE/SSE  - Design  Basis  Earthquake  or  Safe  Shutdown  Earthquake 
OBE  - Operating  Basis  Earthquake 
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NUCLEAR  PLANTS  NEAR  PROJECT  SITE 


Nuclear  Plants  near  Project  Site. 


FIGURE  41 


1 


example,  the  30  to  45  cm/sec  of  the  near  field  condition  in  the  Pied- 
mont. The  "maximum"  values  for  the  accelerations  and  velocities 
represent  motions  that  should  be  obtained  by  the  scaling.  Displace- 
ments are  not  critical  for  scaling. 

Probabilistic  Analysis  of  Earthquake  Recurrence. 

145.  A report  on  probabilistic  analysis  of  earthquake  recurrence  at 
the  Richard  B.  Russell  site  is  contained  in  Appendix  1. 

146.  a.  The  peak  acceleration  for  a 100-year  return  period  is 
0.075g.  This  value  may  be  used  as  a basis  for  the  operating  basis 
earthquake  in  the  design  of  the  concrete  portions  of  the  structure. 

b.  The  Operational  Earthquake,  as  defined  by  CE  is  generally 
more  moderate  than  the  maximum  earthquake  and  is  selected  on  a proba- 
bilistic basis,  i.e. , the  probability  of  the  what  is  likely  to  occur 
during  the  life  of  the  project,  for  use  in  design  of  noncritical 
items .* 

c.  Owing  to  the  uncertainty  in  the  number,  size  and  location  of 
future  earthquakes,  it  is  appropriate  that  an  analysis  of  earthquake 
hazard  be  expressed  by  seismic  risk.  The  output  of  seismic  risk  anal- 
ysis is  a plot  of  annual  risk  versus  seismic  motion  (MM  intensity)  at 
the  damsite  (Figure  42).  The  annual  risk  associated  with  a given 
intensity  is  defined  as  the  probability  that,  in  any  given  year,  the 
intensity  will  be  equaled  or  exceeded.  The  annual  risk  is  also  the 
reciprocal  of  the  mean  annual  return  period.  Accordingly,  in  any 
given  year,  the  probability  that  0.075g  peak  acceleration  will  be 
equaled  or  exceeded  is  0.01;  0.0014  is  the  annual  risk  for  accelera- 
tion of  0.2g  (i.e.,  the  mean  return  period  is  700  years).  Note  that 
Figure  42  shows  that  the  estimate  of  annual  probability  of  exceeding  a 
site  intensity  of  MM  VI  is  3X10  3 and  MM  VII  is  4.5X10”^,  or  350  and 
2,200  years  mean  annual  return  periods,  respectively.  As  shown  (Fig- 
ure 42),  a large  contribution  to  this  risk  is  from  the  Charleston  area 
(62.5%). 

d.  To  estimate  annual  risk  requires  the  integration  of  relative 
frequencies  of  possible  times,  locations,  and  sizes  of  important 
earthquakes,  plus  consideration  of  the  attenuation  of  intensity  over 
the  distance  between  the  earthquake  focus  and  the  site.  The  maximum 
earthquake  takes  the  worst  historic  event  within  the  seismic  risk  zone 
and  assumes  this  event  to  happen  under  the  damsite.  Both  the  former 
and  latter  is  the  practical  and  conservative  approach.  The  maximum 
earthquake  of  intensity  VII  can  be  compared  with  the  annual  probabil- 
ity of  exceeding  a site  intensity  of  MM  VII  if  this  earthquake  occurs 
in  the  far  field. 


♦Judgment  of  noncriticality  is  based  on  the  premise  that  failure  of 
the  item  would  not  lead  to  a catastropic  flood  downstream  or  the 
failure  of  pool  containment;  such  failure  items  which  would  result  in 
flooding  are  designed  to  withstand  the  maximum  earthquake. 
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147.  No  evidence  of  active  faults  is  present  in  the  general  area  of 
the  damsite.  It  is  concluded  that  the  faults  which  are  present  are 
all  ancient  ones  and  are  inactive.  Present  day  tectonism  indicates 
that  moderate  earthquakes  occur  in  the  Piedmont  and  adjacent  regions. 
Severe  earthquakes  are  restricted  to  a narrow  band  along  the  Summer- 
ville to  Charleston,  South  Carolina,  area.  There  the  faults  are 
obscured  by  Coastal  Plain  sediments.  Motions  attenuated  from 
Summerville-Charleston  band  to  the  damsite  are  low. 

148.  Four  seismic  risk  zones  were  assigned.  These  are  the  Blue 
Ridge,  Piedmont,  Coastal  Plain,  and  Charleston-Summerville  zones.  The 
most  severe  condition  is  an  earthquake  at  the  damsite  with  a peak  ve- 
locity of  30  to  45  cm/sec,  0.4  to  0.5g  for  acceleration,  20  cm 
approximate  maximum  for  displacement,  and  5 sec  duration.  (The  panel 
determined  these  to  be  the  peak  motions  for  the  design  earthquake.) 
For  purposes  of  design,  to  be  most  conservative  is  to  assume  that  the 
maximum  earthquake  will  occur  under  the  dam.  A group  of  time  his- 
tories were  selected  for  rescaling. 

149.  A probability  of  recurrence  study  showed  that  the  operating 
earthquake  has  an  acceleration  of  0.075g  (0.01  annual  risk).  The 
operating  basis  earthquake  is  generally  more  moderate  than  the  maximum 
earthquake.  It  is  selected  on  a probabilistic  basis  from  regional  and 
local  geology  and  seismology  studies  as  being  the  largest  expected  to 
occur  during  the  life  of  the  project;  in  this  case,  100  years. 

150.  In  this  instance,  this  peak  ground  acceleration  is  considerably 
smaller  than  the  design  value  of  the  Richard  B.  Russell  Dam.  In  other 
words,  the  dam  is  designed  to  withstand  an  earthquake  several  times 
stronger  than  would  be  expected  to  occur  during  its  useful  life. 

151.  In  all  likelyhood,  the  lake  impounded  by  Russell  Dam  will  not 
itself  produce  a damaging  earthquake.  Furthermore,  any  earthquake  or 
one  that  could  conceivably  be  produced  by  the  lake  will  not  exceed  the 
natural  maximum  earthquake  for  the  region. 
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Short-Period  Surface-Wave  Attenuation 
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Intensities  in  the  Georgia-South  Carolina  Piedmont  Province 
Leland  Timothy  Long 
Abstract 

The  decay  with  distance  of  the  maximum  particle  velocity  "A"  in  ram/sec 
for  quarry  explosions  and  earthquakes  follows  the  equation: 

Log  ( A ) =-1.5  - 2.0  Log  ( D ) + Ml 

where  D is  in  kilometers  and  is  the  Richter  magnitude  as  defined  at  100 
km.  This  equation  is  valid  only  in  the  range  of  20  to  150  km  for  events 


with  travel  paths  contained  entirely  within  the  Piedmont  Province  of  Georgia 
and  South  Carolina.  If  needed,  intensities  from  a magnitude  2.0  < Ml  < 5.5 
event  can  be  obtained  by  conversion  of  the  particle  velocities  to  intensity 
by  use  of  the  relations  given  by  Nuttli  (1973) . 


to  150  kilometers  in  the  Georgia  and  South  Carolina  Piedmont  Province. 


1 

Quarry  Explosion  Data 

For  both  quarry  explosions  and  earthquakes  which  occur  and  are  recorded 
within  the  Piedmont  Province  at  distances  less  than  150  kilometers,  the  largest 
amplitude  arrival  on  the  ATL  station  records  is  either  a normally-dispersed 
Rayleigh  or  Love  wave  with  a period  of  0.2  to  2 seconds.  Events  from  outside 
the  Piedmont  Province  or  Piedmont  Province  events  recorded  outside  the  Province 
seldom  snow  these  phases.  The  maximum  Love  and  Rayleigh  surface-wave  ampli- 
tudes observed  on  the  ATL  seismograms  were  measured  for  four  quarries  and 
over  100  explosions.  The  four  quarries  were  at  distances  of  25  km  (Red  Oak), 

55  km  (Norcross),  70  km  (Kennesaw)  and  150  km  (Elberton) . 

The  trace  amplitudes  (Peak  to  Peak)  observed  at  the  Red  Oak  Quarry’ 

(Figure  1)  show  a considerable  scatter  when  plotted  against  charge  size  in 
pounds  of  explosive.  However,  records  of  events  with  large  Rayleigh  wave 
amplitudes  usually  showed  small  Love  wave  amplitudes  and  vice-versa,  indicating 
a variation  in  the  excitation  of  these  phases.  The  azimuthal  variation  in 
the  excitation  of  these  phases  is  attributed  to  the  orientation  of  the  quarry 
face  relative  to  ATL  and  the  inherent  asymetry  of  such  explosions.  A signif- 
icant reduction  in  the  scatter  is  achieved  by  computing  the  vector  sum  of 
Rayleigh  and  Love  wave  amplitudes  (Figure  2).  A least  square's  straight-line 
fit  to  the  Red  Oak  amplitude  data  in  figure  2 gives  a 20  mm  (0  to  peak)  ATL 
trace  amplitude  at  2.0  Hz  for  a charge  size  of  10,000  lb  of  explosive.  Similar 
analyses  of  data  from  the  Norcross  (Figure  3)  and  Kennesaw  (Figure  4)  quarries 
Indicate  trace  amplitudes  of  6 mm  at  1.7  Hz  and  3.5  mm  at  1.5  Hz  trace  ampli- 
tudes (0  to  peak)  respectfully.  Three  quarry  explosions  from  Elberton,  Georgia 
at  a distance  of  150  km  give  a 0.9  mm  trace  amplitude  at  ATL  for  1.3  Hz  waves. 

The  trace  amplitudes  were  converted  to  particle  velocity  by  multiplication  by 
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A plot  of 


2nf/50,000  (gain  at  ATL  is  50,000)  and  are  listed  in  Table  1. 
distance  versus  amplitude  (Figure  5)  shows  that  the  data  for  the  equivalent 
of  10,000  lb  of  explosive  are  satisfied  by  the  equation 
Log  ( A ) = 0.5  - 2.0  Log  ( I)  ) , 

where,  A = maximum  particle  velocity  ( mm/sec  ) for  10,000  lb  explosive 
and  D = distance  in  kilometers  (10<D<150) 
in  the  Piedmont  Province. 

If  the  definition  of  local  magnitude  (Richter,  1958)  is  applied  to  the 
maximum  displacement  at  100  km  observed  for  the  quarry  explosions,  then  a 
10,000  lb  explosive  is  equivalent  to  a magnitude  2.0  event.  Within  the  dis- 
tance range  of  20  to  100  km  and  within  the  uncertainty  in  the  data  (estimated 
at  - 25%  for  one  standard  deviation)  the  slope  is  identical  to  the  slope  of 
the  Richter  (1958)  local  magnitude  standard  amplitude  values. 

Intensity  Data 

Intensity  maps  from  the  South  Carolina  earthquakes  of  January  1,  1913 
(Taber,  1913),  July  13,  1971  (Bollinger,  1972)  and  August  2,  1974  (Bridges, 
1975)  were  used  to  measure  mean  radius  of  felt  areas  in  the  Piedmont  Province 
for  various  intensity  levels.  The  contours  lines  were  assumed  to  enclose 
observations  of  the  intensity  given.  The  mean  radius  of  the  felt  areas  can 
then  be  interpreted  as  the  distance  to  an  intensity  equivalent  to  half  a unit 
lower  than  indicated  for  the  felt  area.  These  intensity  values  were  then 
converted  to  particle  velocity  by  using  relations  presented  bv  Nuttli  (1973) . 
huttli's  relations  are  considered  appropriate  since  the  partical  velocities 
used  for  correlation  with  intensity  were  obtained  from  observatory'  data  in 
the  eastern  United  States.  The  data  of  this  study  are  given  in  Table  I. 

The  resulting  partical  velocities  were  than  normalized  to  a constant  value 
(0.0035  mm/sec)  at  30  km  distance  for  plotting  on  Figure  5 with  the  quarry 
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data.  The  intensity  data  for  the  July  13,  1971  event  were  supplemented  by 
the  observed  amplitude  at  ATL.  The  RF  intensities  for  the  January  1,  1913 
earthquake  were  converted  to  MM  prior  to  computation  of  particle  velocities. 
The  decay  of  the  Intensity  data  is  remarkably  consistant  with  the  measured 
quarry  explosion  amplitudes.  Hence,  for  the  Piedmont  Province,  this  relation 
would  be  appropriate  for  computing  intensities  for  known  magnitude  events. 

The  magnitude  ( see  Table  1 ) can  be  computed  from  the  normalization  factors 
for  the  events  studied  by  using  the  generalized  form  of  the  equation  for 
maximum  particle  velocity  versus  distance, 

Log10  ( A ) = -1.5  - 2.0  Log  ( D ) + Ml 

where  A = maximum  particle  velocity  for  event  of  Local  magnitude 
and  D = distance  in  kilometers  (10<D<150) 

Discussion  and  Conclusions 

Given  a measure  of  an  earthquake's  magnitude  (M^)  as  defined  by  Richter 
(1958)  at  100  km,  the  equation  derived  above  for  particle  velocity  versus 
distance  can  be  used  to  predict  the  intensity  to  be  expected  at  distances 
of  10  to  150  kilometers.  The  decay  rate  is  notable  more  rapid  than  previously 
reported  for  eastern  United  States  earthquakes  (Nuttli,  1973).  However,  the 
distances  are  shorter  than  the  distances  studied  by  Nuttli  (1973).  Also, 
beyond  150  km  in  the  Piedmont  Province  the  shear  phase  or  Lg  phase  has  the 
greatest  amplitude  rather  than  the  short,  period  Rayleigh  or  Love  arrival. 

The  distance  decay  of  the  shear  or  Lg  is  significantly  less  than  observed 
for  short  periods  surface  phases.  Consequently,  this  relation  should  not  be 
used  beyond  150  km. 
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Table  1 


Frequency 

Particle 

Normal izat ion 

Event 

Intensity 

Distance 

Veloc i tv 

Factor 

Magnit uH 

(Km) 

(mm/ sec) 

Ml. 

RED  OAK 

(2.0  Hz) 

25 

0.0050 

1.0 

2.0 

NO RC ROSS 

(1.7  Hz) 

55 

0.0012 

kennesaw 

(1.5  Hz) 

70 

0.00067 

elberton 

(1.3  Hz) 

150 

0.00014 

(30) 

(0.0035) 

Intensity 

July  13, 

IV  MM. 

10 

2.0 

.0078 

4.1 

1971 

I MM 

40 

0.  3 

(ATL) 

1.2  Hz 

200 

0.015 

(30) 

(0.45) 

August  2, 

V MM 

13 

3.8 

.001667 

4.8 

1974 

IV 

32 

2.0 

- 

MM* 

(30) 

(2.1) 

January  1, 

VIII  RF  VII 

10 

28 

.00035 

5.45 

1913 

VII  RF  VI 

25 

14 

tn 

M 

> 

1 

> 

& 

£ 

5 

V RF  IV- 

V 75 

2.5 

(30) 

(10) 

*Original  ratings  were  in 

Rossi-Forel 

- MM  intensities 

are  converted 

by  Krinitz: 
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Fig.  1 


Fig.  2 


Fig.  3 


Fig.  4 


Fig.  5 


Figure  Capt ions 

Trace  amplitudes  (Peak  to  Peak)  for  Rayleigh  and  Love  waves  re- 
corded at  ATL  for  quarry  explosions  at  the  Red  Oak  Quarry,  Ca. 

Vector  sum  of  Love  and  Payleigh  wave  amplitudes  (Peak  to  Peak) 
for  the  Red  Oak  Quarry. 

Trace  amplitudes  (Peak  to  Peak)  for  Rayleigh  waves  and  Love  waves 
and  their  vector  sum  recorded  at  ATL  for  explosions  at  the  Norcross 
Quarry,  Georgia. 

Trace  amplitudes  (Peak  to  Peak)  for  Rayleigh  waves.  Love  waves 
and  their  vector  sum  recorded  at  ATL  for  explosions  at  the 
Kennesaw  Quarry,  Georgia. 

Particle  velocity  versus  distance  relation  for  the  equivalent 
of  10,000  lb  of  explosive.  The  intensity  data  were  normalized 
to  0.0035  mm/sec  at  JO  km.  The  particle  velocities  illustrated 
are  equivalent  to  a Richter  magnitude  of  2.0. 
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Maximum  "Induced"  Earthquake,  Clark  Hill 
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MAXIMUM  "INDUCED"  EARTHQUAKE 

CLARK  HILL  RESERVOIR  AREA 
SUMMARY 

The  earthquakes  of  the  Piedmont  Province  and  the  Clark  Hill  Reservoir 
Area  (CHRA)  share  many  distinctive  characteristics  and  do  not  appear  to 
satisfy  conventional  tectonic  mechanisms  involving  observable  faults. 
Consequently,  an  alternate  explanation  for  the  earthquake  mechanism  is  pro- 
posed which  involves  stress  amplification  or  strength  modification  in 
coherent  near-surface  geologic  units.  This  mechanism  allows  a restriction 
on  the  size  of  the  maximum  plausable  earthquake  by  placing  practical  limits 

on  the  size  of  the  fault  plane  and  magnitude  of  the  stress  drop.  The  upper 

2 

limit  in  size  for  the  fault  plane  is  the  39-5  km  implied  by  microearthquake 

activity  near  Jocassee  lake.  CHRA  microearthquakes  and  geologic  units 
2 

indicate  about  10  km  . The  stress  drop  estimates  for  these  events  is 

2 

consistently  about  6 bars.  Using  6 bars  and  a fault  plane  of  39-5  km  in 
the  relation  of  Randal  (1973)  a magnitude  5-6  event  is  the  maximum  plausable 
"induced"  earthquake. 
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MAXIMUM  "INDUCED"  EARTHQUAKE 


CLARK  HILL  RESERVOIR  AREA 

INTRODUCTION 

Earthquakes  in  the  Clark  Hill  Reservoir  Area  share  many  distinctive 
characteristics  with  earthquakes  occurring  throughout  the  Piedmont  Province 
of  Georgia  and  South  Carolina.  A typical  event  has  a depth  of  focus  less 
than  5-0  km  as  indicated  by  the  generation  of  large  surface  waves  and  by 
aftershock  studies.  Their  magnitudes  have  been  less  than  M = 5-5  with  the 
Union  County  earthquake  of  January  1,  1913  being  the  largest  (M  = 5-^5). 

No  coherent  active  faults  have  been  identified  as  causitive  structures 
connecting  two  or  more  Piedmont  Province  earthquakes.  The  earthquakes  have 
occurred  primarily  as  swarms  or  aftershock  sequences  in  a limited  number  of 
discrete  epicentral  zones.  The  near-surface  geologic  units  of  the  Piedmont 
Province  are  largely  made  up  of  metamorphosed  sedimentary  and  volcanic  rocks 
which  have  been  penetrated  by  both  mafic  and  granitic  intrusives.  The 
resulting  complexity  in  geologic  structures  allows  a significant  hetero- 
geniety  in  physical  properties  of  the  near  surface  rocks  while  also  allowing 
highly  competent  rocks  to  occur  within  a few  hundred  feet  of  the  surface. 
Because  of  these  common  characteristics,  the  earthquakes  all  probably  share 
a common  explanation  which  can  be  expressed  in  terms  of  the  causitive  stresses 
and  the  near-surface  geologic  structures. 

The  fundamental  explanation  for  crustal  stresses  which  cause  earthquakes 
in  the  Piedmont  Province  is  not  currently  understood  completely,  largely 
because  of  a lack  of  data.  The  conventional  explanation  of  earthquakes  in 
terms  of  continued  movement  along  existing  faults  is  not  supported  by  existing 
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data.  In  order  to  explain  the  earthquakes  in  the  Piedmont  Province,  Long 
(1976)  proposed  an  alternate  mechanism  of  stress  amplification  by  shear 
modules  i nhomogen i e t i es  near  the  surface.  In  stress  amplification,  the 
geometry  of  anomalously  rigid  structures  cause  the  amplification  of  applied 
or  residual  stress.  To  acheive  stress  large  enough  to  cause  earthquakes, 
first  a structure  with  appropriate  geometry  must  exist,  second  the  structure 
must  consist  of  a material  with  anomalously  high  rigidity  and/or  low  strength 
and  third  a stress  must  be  applied  (or  the  strength  changed)  in  a direction 
appropriate  to  cause  stress  amplification.  The  origin  of  the  causitive 
stress  is  probably  the  result  of  a combination  of  factors.  Because  of  the 
thickness  of  the  Piedmont  Crust  (35  to  40  km)  and  the  relatively  smaller 
size  of  most  near  surface  i nhomogen i et ies  (less  than  5 km),  crustal  flesure 
probably  contributes  only  slightly  to  the  ambient  stress  field.  Near-surface 
factors  such  as  unloading  through  weathering,  i nhomoqeneous  stream  erosion, 
and  strength  modification  through  weathering  or  fluid  penetration,  probably 
dominate  as  mechanisms  for  stress  accumulation.  With  stress  amplification 
or  strength  modification  these  could  explain  Piedmont  Province  earthquakes. 

Some  of  the  Piedmont  earthquakes  have  occurred  near  reservoirs  and  their 
occurrence  has  been  attributed  to  reservoir  loading  or  fluid  pressure  effects 
(see  Denman  197^,  Talwani,  1976).  However,  with  the  exception,  perhaps,  of 
the  Jocassee  reservoir,  earthquakes  which  are  located  within  10  km  of  the 
Blue  Ridge  Province,  the  larger  events  are  not  directly  correlatable  in  time 
with  the  reservoir  loading.  Many  areas  which  showed  activity  after  loading, 
like  the  Clark  Hill  Reservoir  or  Lake  Synclair,  also  had  a history  of  seismic 
activity  prior  to  loading.  In  the  Clark  Hill  Reservoir  area  and  other 
reservoirs  spacially  associated  with  earthquakes  in  the  Piedmont  Province, 
the  earthquakes  are  not  always  located  near  the  deepest  part  of  the  reservoir 
as  they  should  be  if  they  were  purely  reservoir  induced.  The  marginally 
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convincing  spacial  and  time  correlation  of  large  events  with  reservoirs 
suggests  that  the  reservoir  itself  may  not  be  responsible  for  the  production 
of  seismic  activity  through  loading.  However,  the  possibility  cannot  be 
ruled  out  that  large  lake  fluctuations  or  rainfalls  act  as  a catalyst  when 
stress  conditions  reach  levels  suitable  for  the  production  of  microearthquakes. 
Indeed,  the  near  surface  occurrence  of  events  and  the  hypothesis  given  above 
concerning  their  cause  would  be  compatible  with  water  level  fluctuations  or 
rain  falls  acting  as  catalysts  to  microearthquake  activity. 

If  the  hypothesized  mechanisms  given  above  is  assumed  to  be  a correct 
and  exclusive  mechanism  for  Piedmont  Province  earthquakes,  then  the  estab- 
lishment of  a maximum,  plausible  earthquake,  induced  or  natural,  is  possible. 
The  object  of  this  study  is  to  estimate  the  maximum  plausible  earthquake  to 
be  exoected  for  the  Clark  Hill  Reservoir  Area  given  the  mechanism  presented 
above.  The  first  step  will  be  to  estimate  the  largest  possible  fault  plane 
and  the  type  of  movements  that  might  occur.  Next  the  stress  drop  will  be 
estimated  by  comparison  to  similar  sized  events  for  which  the  stress  drop 
has  been  measured.  Stress  drop  estimates  for  Clark  Hill  Reservoir  Area 
microearthquakes  will  be  utilized  in  the  evaluations.  Finally,  theoretical 
and  observed  relations  between  fault  size  and  stress  drop  will  be  used  to 
estimate  the  local  magnitude  of  a maximum  plausible  earthquake. 

ESTIMATE  OF  LARGEST  PLAUSIBLE  FAULT  PLANE 

Active  faults,  directly  related  to  contemporary  seismic  activiety  are 
not  known  for  the  Piedmont  Province  of  Georgia  and  South  Carolina.  No  co- 
herent faults  have  been  identified  as  causitive  structures  connecting  two 
or  more  Piedmont  Province  earthquakes.  Linear  allignment  of  epicenters 
separated  by  distance  equivalent  to  the  source  dimensions  of  the  earthquake 
have  not  been  observed  and  would  be  necessary  to  hypothesize  a fault  in  the 
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case  where  a fault  would  not  be  observed  at  the  surface.  More  typically. 
Piedmont  Province  earthquakes  occur  at  discrete  locations.  These  location 
are  separated  by  distances  significantly  larger  than  the  dimension,  f the 
earthquake  source.  Also,  if  more  than  one  event  occurs  at  one  of  these 
discrete  locations,  the  epicenters  are  not  distinguishable  with  existing 
teleseismic  data.  In  a few  individual  earthquakes,  the  proximity  of  the  epi- 
center to  known  faults  has  prompted  speculation  concerning  the  active 
status  of  the  faults  (Talwani,  1976).  However,  no  evidence  of  recent  move- 
ment can  be  observed  on  these  faults  and  the  seismic  correlation  is  weak. 

All  the  faults  represent  movement  at  a time  when  the  tectonic  stresses  were 
significantly  different  than  they  are  today. 

As  a consequence  of  the  lack  of  confirmed  active  faults,  the  problem 
of  determining  the  maximum  fault  plane  requires  data  from  sources  other 
than  the  geologic  mapping  of  faults.  Data  on  aftershocks  of  large  events 
are  sparse  in  the  Piedmont  Province  but  available  for  the  CHRA  and  Jocassee 
lake.  These  can  be  used  to  obtain  information  on  the  size  of  the  zone  of 
high  stress.  The  aftershock  locations  of  the  August  2,  197^  CHRA  earth- 
quakes (Bridges,  1975)  indicate  a zone  of  maximum  width  of  5 km  with  the 
majority  occurring  within  a 2 km  centra'  zone.  More  recent  data  at  Georgia 
Tech  indicates  that  the  zone  of  activity  has  essentially  remained  the  same 
(figure  1.0)  but  the  level  of  activity  has  decreased.  Data  on  aftershock 
locations  computed  by  Talwani  (1976)  indicate  the  same  general  distributions. 
The  depth  of  focus  range  from  near-surface  (within  0.5  km)  to  a maximum 
depth  of  focus  of  2.-0  km  (see  figure  2.0).  Most  occurre'd  within  0.5  km  of 
1.0  km.  The  area  of  microearthquake  activity  associated  with  the  Jocassee 
area  (Fogle  et.al.,  1976)  is  significantly  larger.  Over  a period  of  3 months 
the  epicentral  area  grew  from  It  km  to  9 km  in  diameter  while  at  the  same  time 
the  overall  activity  level  was  decreasing.  The  maximum  depth  observed  for 
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Figure  1 


Epicenters  for  microearthquakes  in  the  Clark  Hil!  Reservoir  Area 
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Figure  2.  Cross  section  of  hypocenters  for  events  in  the  Clark  Hill 
Reservoir  Area.  The  hatch  mark  indicates  the  position  of  the  cross  in 


aftershocks  was  about  k.O  km  but  significant  activity  was  limited  to  less 
than  2.7  km  deep. 


The  observed  aftershock  location  for  Piedmont  Province  earthquakes  thus 

2 2 

indicate  fault  planes  of  10  km  for  the  CHRA  and  39-5  km  for  Jocassee  after 
correcting  for  possible  dip  in  the  fault  plane.  There  is  an  apparent  discre- 
pancy in  the  relative  sizes  of  areas  in  that  the  largest  event  in  the  CHRA 
was  a M^  = A. 8 while  the  largest  event  in  the  Jocassee  area  was  a = 3-2. 
However,  in  the  Jocassee  area  the  dominant  active  area  at  any  one  time  was 
seldom  wider  than  2.0  to  3.0  kilometers  indicating  a lack  of  stress  coherency 
throughout  the  area.  Focal  mechanism  studies  (Fogle  et.al.,  1976)  indicate 
discrete  epicentral  zones  of  smaller  size  within  the  Jocassee  area.  In  con- 
clusion, the  largest  fault  plane  from  aftershock  distributions  associated 

2 

with  a discrete  event  is  10  km  in  the  CHRA  and  for  a composite  epicentral 
2 

zone  is  39-5  km  in  the  Jocassee  area. 

An  alternative  approach  to  the  determination  of  the  maximum  fault  plane 
would  be  to  evaluate  dimensions  of  geologic  units  potentially  related  to  the 
seismic  activity.  In  both  areas  the  aftershocks  occur  generally  throughout 
a volume.  At  Jocassee,  they  occur  in  the  Henderson  Gneiss  above  the  extra- 
polated position  of  the  Brevard  zone.  In  the  CHRA  they  occur  generally  in  a 
mixed  gneiss  unit  corresponding  to  a negative  Bouger  anomaly.  Hence,  by 
assuming  the  fault  plane  to  be  limited  by  the  dimensions  of  coherent  geologic 
units  an  estimate  of  the  largest  plausible  fault  plane  can  be  obtained  directly 
from  geologic  structures.  In  the  CHRA  interpretation  of  gravity  data  (Long, 
et  al.,  1976)  and  the  Geologic  Map  of  Georgia  (1976)  indicate  geologic  units 
with  widths  typically  less  than  6 km  wi th  the  exception  of  the  Danburg  Granite 
and  the  Lincolnton  metadacite.  The  Lincolton  metadacite  however,  is  probably 
no  thicker  than  5 km.  Most  coherent  geologic  units  are  significantly  less  than 

6 km.  If  these  units  have  effective  depths  of  less  than  5.0  km  then  the  largest 

2 

plausible  fault  plane  areas  are  about  30  km  or  still  less  than  the 
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39-5  km  for  the  Jocassee  aftershock  zone.  The  5-0  km  maximum  depth  estimate 
exceeds  depths  computed  for  any  aftershock  observed  in  the  Piedmont  Province. 
If  a relation  between  these  events  and  surface  water  loading  exists  then  the 
depth  of  the  maximum  fault  plane  may  be  limited  by  the  porosity  of  the  rocks 
or  the  ability  of  existing  joints  to  allow  penetration  to  depth. 


ESTIMATE  OF  STRESS  DROP 

The  average  stress  drop  along  a particular  fault  plane  in  material  with 
a given  seismic  velocity  is  a measure  of  the  magnitude  of  the  earthquake 
that  will  be  produced.  A high  stress  drop  will  give  a larger  earthquake 
than  will  a small  or  partial  stress  drop.  Hence,  the  determination  of 
plausible  stress  drops  is  an  important  factor  in  determining  the  largest 
magnitude  event  that  a given  fault  plane  can  generate.  The  seismic  velocities 
are  also  important  because  they  define  the  rigidity  and  with  the  displacement 
the  stress  of  the  rock  near  the  fault  plane.  The  higher  the  rigidity,  the 
smaller  the  displacement  for  a constant  stress  drop  and  fault  dimension.  The 
near-surface  rocks  in  the  CHRA  have  p-wave  velocities  on  the  order  of  5.8  to 
6.1  km/sec.  These  velocities  are  typical  of  rocks  in  the  upper  10  km  of 
the  crust,  below  the  superficial  sedimentary  rocks  and  imply  that  CHRA  dis- 
placements computed  for  events  of  similar  stress  drop  will  be  equal  to  or 
less  than  displacements  computed  for  other  shallow  earthquakes.  They  also 
imply  conversely  that  for  the  same  displacement,  the  stress  drops  in  the  CHRA 
should  be  greater  than  or  equal  to  stress  drops  in  other  shallow  earthquakes. 
Unfortunately,  data  or  measurement  methods  to  directly  determine  stress 
conditions  in  the  crust  are  not  currently  available.  However,  plausible 
stress  drops  can  be  estimated  from  in  situ  stress  measurements,  evaluations 
of  stress  drop  for  continental  earthquakes,  and  computation  of  stress  drops 

for  Piedmont  Province  or  CHRA  earthquakes. 
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In  situ  stress  measurement  are  not  available  in  the  CHRA.  Nevertheless, 


measurements  near  Atlanta  and  the  Bad  Creek  site  near  Jocassee  indicate 
deviatory  stresses  on  the  order  of  hundreds  of  bars.  At  shallow  depths, 

1000  to  2000  bars  is  significant  to  cause  rupture  of  fresh  rock  but  it  is 
unlikely  that  such  stresses  could  exist  over  an  entire  fault  plane.  As 
indicated  by  the  near-surface  measurements,  such  stresses  could  exist  at 
locked  points  along  a fault  plane  or  at  discontinuities  in  a fracture  surface. 
However,  at  distance  the  seismic  waves  of  an  earthquake  are  primarily 
determined  by  averages  or  effective  stress  drops  distributed  over  the  entire 
fault  plane.  Consequently,  individual  measurements  of  stress  would  not  be 
expected  to  be  as  meaningful  a measure  of  the  average  stress  drop  as  would 
be  stress  drop  estimates  based  on  seismic  waves  at  distance. 

Evaluations  of  stress  drops  for  intraplate  earthquakes  are  lim'ted.  The 
most  extensive  available  evaluation  of  eastern  United  States  earthauakes 
(Street  et  al  . , 1976)  indicated  that  events  of  seismic  moment  greater  than 
5 x 1 0~  dyne  cm  (equivalent  to  > A . 0 ) have  a stress  drop  of  6 bars.  The 
lack  of  variation  is  indicative  of  a similar  physical  mechanism  for  the 
initiation  of  rupture  along  a fault.  Street  et  al.  (1976)  also  noted  that 
the  spectra  from  the  larger  events  implied  partial  stress  drop  while  the 
smaller  events  often  implied  complete  stress  drop.  In  commenting  on  the 
.unstant  stress  drop  for  large  events.  Street  et  al.  (1976)  suggested  that 
the  earthquake  process  in  the  region  is  uniform  in  contrast  to  southern 
California,  where  a wide  range  in  stress  drops  occur  for  events  with  the 
same  seismic  moment. 

The  stress  drop  of  the  August  2,  197^  CHRA  earthquake  was  evaluated  by 
Bridges  (1975).  He  used  a variety  of  theoretical  and  empirical  relations 
and  observed  data.  The  most  reliable  estimates  averaged  5.0  bars  and  varied 
by  only  ♦ 1.0  bar.  The  theoretical  estimates  are  based  on  the  magnitude  ( ) 
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and  fault  areas  estimated  from  the  spectra  and  from  the  aftershock  zone. 


The  empirical  methods  (from  Gibowicz,  1973)  are  based  on  aftershock  "b" 
values  and  the  difference  in  magnitude  between  the  main  shock  and  the 
largest  aftershock.  The  normal  stress  drop  (after  Gibow  icz,  1973)  for  a 
magnitude  I*. 8 event  was  given  as  0.71*  bars  indicating  that  the  stress  drop 
for  the  CHRA  earthquake  of  August  2,  1 97A  was  anomalously  high.  The  high 
stress  drop  is  consistent  with  the  implications  of  the  high  near-surface 
rigidity  of  the  Piedmont  Province,  the  lack  of  observed  movement  along 
existing  faults  and  the  mechanism  of  stress  amplification  in  near  surface 
geol og i c units. 

Recent  spectral  data  from  the  CHRA  (Marion,  1977)  indicates  that  the 
largest  stress  drop  for  microearthquakes  was  7 bars.  Furthermore,  the 
spectra  indicate  transsonic  rupture  velocities  and,  consequently,  a minimal 
frictional  stress  along  the  fault  plane.  These  characteristics  are  indica- 
tive of  a near-tensional  stress  condition  which  would  be  susceptable  to 
perturbation  by  ground  water  pressure  variations. 

Plausible  stress  drop  based  on  these  date  would  be  5 to  7 bars.  The 
data  are  remarkably  consistent  and  no  data  in  the  Piedmont  Province  exists 
to  indicate  that  higher  stress  drops  exists. 

LOCAL  MAGNITUDE  (Ml)  FOR  MAXIMUM  EARTHQUAKE 

In  a consideration  of  the  spectral  theory  of  seismic  sources  and  a com- 
parison of  the  theory  to  spectral  data,  Randal  (1973)  developed  a relation 
between  Local  Magnitude  (M^)  fault  dimension  and  stress  drop.  The  relation 
was  shown  to  be  consistant  for  a large  range  of  observed  data.  Figure  3 shows 
this  relation  modified  for  the  generally  observed  stress  drop  of  eastern 

United  States  and  the  Piedmont  Province  of  6 bars.  The  maximum  fault  planes 
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Fault  Dimension  K (cm) 


Figure  3-  Randal's  (1973)  relations  between  local  magnitude  and  effective 
fault  radius  adapted  for  a stress  drop  of  6 bars. 
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of  10  km  and  39-5  km  indicate  maximum  events  of  magnitude  (M^)  5-1  and 
5-6  respectfully.  The  largest  magnitude  observed  for  a Piedmont  Province 
earthquake  is  (Long,  1977)  and  is  consistant  with  the  maximum 

plausible  earthquake  computed  independently  from  stress  drop  considera- 
tions and  plausible  fault  plane  dimensions.  The  smaller  dimensions  in- 
dicated by  individual  activity  zones  in  Jocassee  area  and  by  the  geologic 
units  prevalent  in  the  CHRA  would  be  typical  of  the  magnitude  3-0  to  4.5 
events  more  commonly  observed  in  the  Piedmont  Province. 
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A Seismic  Risk  Analysis 
of  the  R.  B . Russell  Dan  Site 

Dr.  C . All  in  Cornel  1 

Cambridge,  Massachusetts 
February  1977 

SUMMARY 

Using  U.S.  Army  Corps  of  Engineers  input  assumptions,  this  seismic 
risk  analysis  produces  estimates  of  M.M.  Intensity  V and  VI  as  the  inten- 
sities associated  with  0.01  and  0.003  annual  risks  respectively.  Transla- 
tion to  peak  ground  accelerations  can  be  accomplished  in  several  ways, 
typically  giving  0.01  annual  risk  acceleration  values  (100-year  return 
periods)  of  about  0.075g.  Lower  risk  values  are  more  sensitive  to  the 
translation  technique  and  the  input. 

INTRODUCTION 

The  objective  has  been  to  estimate  the  annual  probabilities  of  exceed- 
ing any  given  level  of  earthquake  intensity*  at  the  R.  B.  Russell  Dam  Site. 
The  estimates  are  based  on  analytical  seismic  risk  analysis  utilizing  para- 
meter values  and  data  provided  by  the  U.S.  Army  Corps  of  Engineers  (USAGE!. 
The  primary  task  was  to  estimate  these  risks  (1)  in  terms  of  the  Modified 
Mercalli  (M.M.)  Intensity  at  the  site  and  (2)  with  the  parameter  values 
directly  provided.  This  study  is  presented  in  Part  I of  this  report.  A 

secondary  task  has  been  to  estimate  these  risks  (1)  in  terms  of  peak  ground 

* 

The  term  "intensity"  is  general  and  includes  peak  ground  acceleration;  t(--- 
capitalized  word  "Intensity''  refers  to  the  Modified  Mercalli  (M.M.)  s.’l 
specifically.  Both  Roman  and  Arabic  numerals  will  be  used  for  M.M.  In;  - 

1 
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accelerations  at  the  site  and  (2)  with  consideration  of  additional  or  al- 
ternative parameter  assumptions.  This  study  is  outlined  in  Part  2 of  this 

report. 


PART  1 : MODI F I FD  MERCALLI  INTENSITY  RISKS  FROM  USACE  INPUT 

Objective  The  output  of  this  analysis  is  a plot  of  annual  probability  of 
exceeding  (or  its  reciprocal,  mean  annual  return  period)  versus  M.M.  Inten- 
sity experienced  at  the  R.  B.  Russell  Dam  site.  The  input  includes  esti- 
mates of  potential  epicenters  of  earthquakes,  their  epicentral  M.M.  Inten- 
sities, the  mean  annual  (and  relative)  occurrence  rates  of  the  latter,  plus 
attenuation  laws  that  predict  site  Intensity  given  epicentral  Intensity  and 
distance.  The  information  used  for  the  input  is  that  provided  directly  by 
the  U.S.  Army  Corps  of  Engineers,  with  interpretation  by  the  consultant 
where  necessary.  The  reference  for  this  information  is  the  handout  ma- 
terial of  the  November  18,  1976,  meeting  on  the  R.  B.  Russell  Project  at 
Vicksburg,  Mississippi,  plus  associated  discussion  periods.  This  material 
included  source  zone  maps,  an  earthquake  catalogue,  and  attenuation  equa- 
tions, etc. 


Input;  Source  Zones  The  source  zones  are  those  identified  by  the  names 
Piedmont,  Blue  Ridge,  Coastal  Plain,  and  Charleston  Area  on  a USACE  map  en- 
titled "Seismic  Zonation  Around  Project  Site"  in  the  handout  material  cited 
above.  The  map  is  reproduced  as  Figure  1 here.  Bounding  the  region  by 
the  latitudes  and  longitudes  shown  (and  eliminating  the  area  represented 
by  the  M.M.  Intensity  Scale  information  block  in  the  lower  left  corner  of 

the  map),  the  areas  of  the  four  regions  are  estimated  to  be  about  123,000  km*- , 
2 2 2 

49,500  km  , 69,0C0  km  , and  "zero"  km  , respectively.  Becuase  cf  its  dis- 
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tance  of  several  hundred  kilometers,  the  Charleston  region  can  be  satis- 
factorily (and  more  simply)  represented  as  a concentrated  "point"  source 
of  activity  (hence,  its  zero  area). 

Input;  Source  Activity  Rates  and  b-Values  These  parameters  were-  estimated 
by  the  consultant  from  the  catalogue  of  earthquakes  provided  by  the  C'SACE. 

The  object  was  (1)  to  estimate  v,  the  mean  number  of  events  per  year  greater 
than  epicentral  M.M.  Intensity  V in  each  of  the  four  sources  and  (2)  the  b 
(or  slope  value)  in  the  standard  log  Nj  = a - bly  relationship  (in  which 
N is  the  mean  annual  number  of  events  equal  to  or  greater  than  intensity 
IQ).  The  value  M.M.  Intensity  V is  used  simply  as  a convenient  reference 
value.  (Smaller  values  are  in  fact  included  in  the  computations,  but  they 
are  not  significant.)  The  important  sources  are  the  Piedmont  and  Charleston. 
As  will  be  confirmed  in  the  results,  errors  in  estimating  v and  b for  the 
other  two  sources  are  not  important  because  of  the  combined  large  minimum 
distance  and  low  maximum  M.M.  epicentral  Intensity  potential  of  the  ?lue 
Ridge  and  Coastal  Plain  sources. 

Simple  catalogue  counts  in  119  years  (1857-1976)  revealed  15  events' 
of  V or  greater*  in  the  Piedmont  source  zone  (Fig.  1)  and  8 such  events 
near  Charleston.  There  were  4 events  in  each  of  the  other  sources.  Those 
values  produced  v values  of  0.126,  0.0336,  0.0336,  and  0.0672  for  the  4 
sources  respectively. 

The  values  of  b were  estimated  from  log  N versus  I plots  of  the  data. 

3 o 

For  the  Piedmont  a line  was  fit  through  the  Intensity  V and  VI  values  (as- 
suming that  some  values  of  IV  or  less  are  unreported  and  that  the  value  at  VII 

is  statistically  unreliable,  being  based  on  a single  event).  This  line 
-* 

All  borderline  values,  e.g.,  those  denoted  I V- V in  the  catalogue,  were 
counted  ( conservatively ) as  the  larger  value. 

, Appendix 

3 Of  14 
Section  D! 


4 


4 


yields  a b value  of  0.36.  (As  will  be  discussed  in  Part  2,  this  value  is 
probably  low;  low  values  are  conservative  as  they  imply  larger  numoers  of 
larger  events.)  Data  were  insufficient  to  estimate  the  b values  in  the 
Blue  Ridge  and  Coastal  sources  (e.g.,  there  were  no  Vi's  or  greater). 
Therefore,  the  same  value,  b = 0.36  was  used.  For  the  Charleston  source, 
a value  of  b = 0.31  produces  a line  which  passes  almost  perfectly  through 
the  values  at  Intensitiy  IV,  V,  and  VI. 

Input;  Upper  Bound  Epicentral  Intensities  These  values  were  obtained  from 
the  upper  bound  magnitude  values  provided  by  the  USACE  reference.  They 
were  = 5.5,  5.5,  5.0,  and  7.0  for  the  Piedmont,  Blue  Ridge,  Coastal,  and 
Charleston  sources  respectively.  Using  = 2.1  + 0.5  I (from  the  refer- 
enced USACE  material),  one  obtains  maximum  epicentral  intensity  values  of 
VII,  VII,  VI,  and  X for  the  4 sources.  The  USACE  and  their  consultants 
confirmed  these  Intensity  values. 

Input;  Attenuation  Laws  The  attenuation  laws  recommended  by  USACE  were 
I = 4.75  + 1.25  I - 5 log1QD  10  km  <:  D ? 100  km  (1) 

I = 3.7  + I - 0.001 1 D - 2.7  log1()D  D > 100  km  (2) 

in  which  D is  the  epicentral  distance.  For  very  small  values  of  D,  I = IQ, 
of  course.  The  first  equation  above  produces  a discontinuity  at  D = 10  km 


if  used  with  I = I for  D £ 10  km.  This  was  eliminated  by  using: 

(a)  I = I for  D <:  20  km  for  6.0  <.  L s 7.0 
o o 
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together  with  the  first  equation  above  for  values  of  D larger  than  those 
indicated  here  (but  less  than  100  km). 

The  dispersions  ("Standard  errors")  in  the  attenuation  prediction  equa- 
tions were  not  provided  directly  by  the  USACE.  The  consultant  estimated 
these  from  the  USACE  provided  figure  entitled  "Intensity  Attenuation  Versus 
Epicentral  Distance  in  the  Region  of  Richard  B.  Russell  Dam."  Those  his- 
torically observed  values  of  site  Intensities  were  plotted  versus  the  I (versus 
I and  DJpredictions  from  the  equations  shown  above,  and  the  errors  (ob- 
served minus  predicted  values)  noted.  For  the  "far-field"  attenuation  law 
(Eq.  2),  the  average  error  was  only  0.04  (i.e.,  the  prediction  is  effec- 
tively unbiased)  and  the  standard  deviation  (or  "standard  error")  was  found 
to  be  0.50.  (The  sample  size  was  13.)  For  the  "near-field"  equation  (Eq. 

2),  the  average  error  was  -0.99,  suggesting  an  unconservative  bias  (the 
sample  size  is  only  9,  however).  The  standard  deviation  (which  is  based 
on  the  mean  squared  value  with  respect  to  the  average  observed  error,  not  with 
respect  to  the  predicted  value)  was  0.77. 

Analysis  Method  The  analysis  method  used  is  that  referred  to. as  seismic 
risk  analysis  (see,  for  example,  Cornell  and  Merz,  Journal  of  the  Struc- 
tural Division,  Proc.  ASCE,  Vol . 101,  No.  ST10,  1975,  p.  2027,  and  refer- 
ences therein).  It  integrates  over  possible  epicentral  intensity  values, 
possible  epicentral  locations,  and  possible  deviations  from  the  attenua- 
tion prediction  (all  with  their  appropriate  relative  frequencies)  to  de- 
termine the  risk  that  a given  M.M.  Intensity  is  equalled  or  exceeded  at 
the  site  in  any  year. 

Results  The  results  are  shown  in  Figure  2 as  a curve  marked  "Total  Risk.'1 
The  estimated  risk  for  site  M.M.  Intensity  V is  0.01  (i.e.,  M.M.  Intensity 
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V is  the  value  with  a 100-year  mean  return  period).  Intensity  VI  has  a com- 
puted annual  probability  of  being  exceeded  cf  about  3 x 10‘3  (i.e.,  a 350-year 
mean  return  period).  The  model  predicts  non-zero  risks  of  intensities 
greater  than  the  local  epicentral  upper  bound  of  VII,  because  of  the  dis- 
persion in  the  attenuation  law;  for  example,  an  epicentral  event  of  7.0* 
(outside  the  20  km  epicentral  region,  at  least)  may  have  an  estimated  site 
intensity  of  say  6.75,  but  there  is  about  a 1/6  chance  of  an  "error"  of 
0.77  units  (the  value  of  the  standard  deviation)  or  more,  i.e.,  a site  in- 
tensity of  about  7.5.  These  observed  deviations  from  the  predicted  site 
intensity  (especially  these  that  produce  values  larger  than  the  epicentral 
value)  may  be  attributed  in  part  to  poor  local  soils  conditions  at  the  site 
where  the  higher-than-predicted  intensity  was  originally  observed.  If  the 
dam  is  built  on  good  foundation  materials,  such  large  deviations  may  well  not 
occur  at  its  site.  In  short,  in  application  tu  the  Russell  dam  site,  the 
risks  estimated  here  are  conservative  with  respect  to  the  deviation  assump- 
tion. 

Of  significant  interest  are  the  relative  values  of  the  contributions 
to  the  total  risk.  As  shown  in  Figure  2,  with  these  parameter  values,  the 
Charleston  source  contributes  the  major  portion  of  the  risk  over  the  entire 
intensity  range.  Virtually  all  the  remainder  of  the  risk  is  contributed 
by  the  Piedmont  source.  For  example,  at  site  Intensity  V,  where  the  total 
risk  is  0.010,  the  contribution  from  the  Charleston  source  is  58%  and  the 
contribution  from  the  Piedmont  source  is  28%.  Of  this  total  of  28%,  about 
12%  is  from  events  of  epicentral  intensities  of  6.0  or  less,  while  the 
other  16%  is  from  Piedmont  events  of  6.0  or  less.  Of  the  28%,  about  11% 

is  from  events  occurring  so  close  that  the  site  lies  within  the  epicentral 

* 

The  program  treats  M.M.  Intensities  on  a continuous  scale;  hence,  tne  use 
of  decimal  values.  If  th’s  disturbs  the  reader,  consider  these  M.M.  In- 
tensities" as  re-scaled  Magnitudes  (or  in  the  site  intensity  case  as  re- 
scaled log  accelerations). 

Appendix  1 
6 Of  .4 
Section  t) 


7 


(i.e.,  within  the  maximum  iso-seismal  line),  whereas  the  other  17T  is 
caused  by  events  occurring  at  a greater  distance.  The  larger  Charleston 
risk  contribution  is  not  surprising;  consider  this  simplified  calculation. 
For  attenuation  law  given  above  (Eq.  2),  it  requires  ar.  epicentral  Inten- 
sity of  8.2  or  greater  to  cause  at  site  intensity  of  5.0  or  greater  (as- 
suming the  prediction  error  term  is  zero).  But  the  mean  annual  rate  of 
such  events  at  Charleston  is  0.067  x 10  0- 31(8.2-5. 0)Qr  g go?.  This  is  70* 
of  the  total  risk  of  0.010  of  site  intensity  5.0  or  more. 
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PART  2:  PEAK  GROUND  ACCELERATION  RISKS 

In  this  part  of  the  report  we  shall  consider  the  annual  risks  of  ex- 

I 

ceeding  a specif'ed  peak  ground  acceleration,  a,  at  the  site.  In  addition 
several  components  of  the  analysis  and  parameter  values  used  above  are  dis- 
cussed more  fully.  Several  alternative  sets  of  results  are  presented. 

Estimated  FVal  Ground  Acceleration  Risks/USACE  Input  One  technique  that 
can  be  used  to  estimate  the  peak  ground  acceleration  from  a given  M.M.  In- 
tensity (associated  with  a particular  annual  risk)  is  to  use  a simple  I to 
a conversion.  The  USACE  handout  material  referenced  above  makes  use  of  an 
unpublished  document  entitled  "Design  Earthquakes,"  by  E.  L.  Krinitzsky 
and  F.  K.  Chang  of  the  USACE  Waterways  Experiment  Station.  They  give  plots 
of  accelerations  corresponding  to  a given  M.M.  Intensity  in  the  near  and 
far  field  and  for  different  likelihoods  of  being  not  exceeded.  The  "pre- 
dicted values"  (i.e.,  the  median  values  or  the  values  with  a 50?i  probabi- 
lity of  not  bring  exceeded)  of  peak  ground  accelerations  given  M.M.  Inten- 
sities V and  VII  are,  respectively,  0.05g  and  0.20g  in  the  near  field  and 
about  0.02g  and  0.12g  respectively  in  the  far  field.  These  results  are 
not  inconsistent  with  those  estimated  by  several  others  in  recent  years. 

The  near-field  predictions  are  much  larger,  however,  than  the  earlier 
Gutenberg-Richter  relationship  commonly  used. 

These  median  values  might  be  used  to  transform  the  Total  Risks  results 
cf  Figure  2 to  give  peak  accelerations  corresponding  to  given  annual  risks. 
Presumably,  because  of  the  large  risk  contribution  due  to  Charleston,  the 

far-field  transformation  is  to  be  preferred*.  This  implies  a 100-year  mean 

- 

Weighted  schemes  could  also  be  developed. 
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return  period  of  about  0.02g  and  2500-year  return  period  for  0.12g. 

However,  the  dispersion  in  the  I to  a relationship  is  large.  The 
| aforementioned  Krinitzsky  and  Chang  paper  shows  a 85"  fractile  of  0.38g  for 

I = 5 and  0.6g  for  I = 7 in  the  near-field, and  0.09g  and  0.2g,  respectively, 
in  the  far  field.  The  implication  is  that  it  is  not  unlikely  that  very 
small  M.M.  Intensities  produce  ground  accelerations  larger  than  those  pre- 
dicted (expected)  from  only  much  higher  M.M.  Intensities.  For  example, 
with  these  results  an  M.M.  Intensity  of  only  IV  to  V has  a 15%  chance  of 
producing  an  a value  of  0.2,  which  is  a value  not  expected  until  an  M.M. 
Intensity  VII.  The  (near-field)  dispersion  implied  by  the  USACE  paper 
cited  is  substantially  greater  than  that  estimated  by  others.  The  typical 
3-1/2  to  1 ratio  of  the  85%  fractile  to  the  median  (near-field)  is  often 
reported  as  about  2 to  2-1/2  to  1 by  other  data  analysts.  It  must  be 
granted  that  virtually  all  other  analysts  have  mixed  near-  and  far-field 
data.  Krinitzsky  and  Chang  find  a ratio  of  somewhat  less  than  2 for  this 
ratio  in  the  far  field.  Their  near-field  dispersion  value  is  probably  much 
too  conservative,  however. 

Instead  of  using  median  relationships,  the  risk  curves  could  be  trans- 
lated from  M.M.  Intensity  to  peak  acceleration  via  "conservative"  transla- 
tions such  as  the  USACE  85%  fractile  levels.  Using  the  near-field  transla- 
tion, this  produces  a 100-year  return  period  acceleration  of  more  than  0.3a 
(M.M.  Intensity  V).  But  this  result  is  incorrect  because  the  risk  analyses 
imply  a large  contribution  from  the  Charleston  source  for  which  a far- 
field  translation  is  more  appropriate.  Using  the  USACE  85%  fractile  far 
field  conversion,  one  obtains  a 100-year  return  period  acceleration  of  about 
0.08g  and  0.2g  for  the  2500-year  value. 
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In  principle,  the  translation  should  be  found  by  considering  (inte- 
grating over)  all  possible  conversion  factors  together  with  their  relative 
likelihoods.  (See,  for  example,  the  Cornell  and  Merz  reference  cited 
above.)  The  same  result  is  produced,  however,  by  re-doing  the  seismic  risk 
analysis  for  Ln^(a).  This  is  accomplished  by  inserting  a (median-value) 
relationship  such  as  lne(a)  = bQ  + b^ I into  Equation  1 and  2 and  by  proper- 
ly combining  the  standard  deviation  of  I (given  I and  D)  with  that  of  a 
(given  I).  Assuming  that  a given  I is  approximately  lognormally  distributed 
(as  several  investigators  have  found),  the  natural  log  of  the  ratio  of  the 
84%  fractile  ta  the  50%  fractile  can  be  interpreted  as  the  standard  devia- 
tion of  L ( a ) given  I.  In  the  near  field  the  USACE  value  is  1.25  and  in  the 
far-field  about  0.59.  The  rule  for  combining  these  standard  deviations 
with  those  cited  for  the  attenuation  laws  is  simply  the  square  root  of  the 
sums  of  square?  (after  first  multiplying  the  standard  deviation  of  I given 
I and  D by  b,  from  the  relationship  Ln  (a)  = b + b, I ; this  b,  value  is 
about  0.8  for  a up  to  0.2  (I  up  to  VII)  and  about  0.46  for  larger  values). 

The  (too  large)  term  associated  with  the  standard  deviation  of  the  I to  a 

transformation  dominates  the  total  result  of  o,  , , = 1.60,  for  near-field, 

ln(a) 

smaller  a levels;  °Ln(a)  = ^or  near"f iel d . larger  a levels;  and 

= 0.65  for  all  far-field  values.  The  results  of  this  analysis  are  a 100- 
year  return  period  for  0.07g  and  a 350-year  return  period  for_0 . 2n . 

Notice  that  the  return  period  of  a 0.2g  site  acceleration  is  substan- 
tially less  (the  risk  higher)  than  that  predicted  even  by  the  conservative, 
far  field  simplified  I toa  translation.  Detailed  inspection  of  the  results 
shows  that  Charleston  no  longer  contributes  significantly  to  the  risk  at 
this  acceleration  level;  the  risk  of  exceeding  a 0.2g  is  now  due  almost  solely 

to  near-field  smaller  ( V . M . Intensity)  events.  The  reason  is  the  difference 

•Recent,  unpublished  results  have  found  also  a small  negative  correlation 
which  is  conservatively  neglected  here. 
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in  the  near-field  versus  far-field  acceleration  predictions  and  the  above- 
stated  high  likelihood  of  smaller  M.M.  Intensity  (near-field)  events  caus- 
ing much  higher-than-expected  accelerations. 


Discussion  of  USACE  Input  Values  The  consultant  believes  that  several 
points  concerning  the  recommended  input  values  used  above  deserve  a cri- 
tical review  by  the  USACE  and  its  other  consultants. 

The  catalogue  alone  may  not  produce  as  reliable  estimates  of  mean  oc- 
currence rates,  v,  and  b-values  as  a broader  look  at  East  Coast  regional 
seismicity  might.  Incomplete  recording  of  Intensity  V events  in  the  Pied- 
mont region  considered  may  explain  why  the  b value  (0.36)  is  unusually  low. 
Bollinger  (B.S.S.A.,  Vol . 63,  No.  5,  1973,  p.  1785)  estimates  a b value  of 
0.59  for  the  Southeastern  U.S.*  This  may  well  be  a preferred  b value. 

Used  in  conjunction  with  the  assumption  that  the  counting  of  M.M.  epicentral 

Intensity  Vi's  or  higher  has  been  complete  in  the  Piedmont  source  (i.e., 

\ 

7 in  number),  we  extrapolate  backwards  to  an  estimated" 28  events  of  V or 
more.  This  yields  a v value  of  0.235  (rather  than  0.126)  per  year.  The 

net  effect  on  the  risks  of  changing  both  b and  v will  not  be  large,  however. 

It  will  generally  reduce  the  risks  of  larger  intensities. 

The  attenuation  laws  (Egs.  2 and  3)  have  marked  discontinuities  at 

100  km  that  preferably  should  be  resolved.  More  importantly,  the  observed 
unconservative  bias  in  Eq.  1 deserves  more  careful  study.  As  mentioned, 
based  on  9 data  points  (within  100  km),  it  predicts  on  the  average  about 
1 M.M.  Intensity  unit  too  low.  This  possible  bias  may  be  less  at  smaller 


(more  important)  distances  (recall  that  the  lower  value  of  D was  adjusted 
so  that  it  predicts  I = IQ  at  0 = 20  km  or  less). 

The  M.M.  Intensity  to  acceleration  translations  also  deserve  more  careful 


study.  They  are  the  source  of  very  large  accelerations  (for  given  near- 

In  an  earlier  paper,  Bollinger  also  found  a Charleston  b value  of  0.31 
and  pointed  it  out  as  an  anomoly.  ' i ' 
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field  M.M.  1 values).  The  recent  work  of  R.  K.  McGuire  at  USGS  may  be  re- 
levant. In  particular,  the  large  dispersion  in  the  Krini tzsky/Chang  rela- 
tionship (together  with  the  unusually  low  slope  b-|  at  moderate-to-high  M.M. 
I values)  implies  that  substantial  risks  of  very  high  a values  are  unrealis- 
tically and  conservatively  being  attributed  to  only  moderate  M.M.  Intensity 
values.  Roughly,  the  risk  for  a given  source  is  proportional  to  e1-15o2/Cj 
in  which  c2  is  the  constant  in  I (or  lng(a))  = c]  + c^  - c^nD.  For  the 
near  field,  c2  is  1.25  for  I;  it  is  about  1.0  for  1 n^ ( a ) (for  a less  than 
about  0.25g)  and  about  0.6  for  higher  values  of  a.  The  exponential  depen- 
dence implies  risks  very  sensitive  to  high  o values,  especially  if  c?  is  low 
and  b large.  See  below. 

The  consultant  considered  several  alternative  parameter  choices.  For 
example,  without  adjusting  the  possible  bias  in  the  attenuation  law,  the 
other  parameters  were  altered  to  personally  preferred  values.  The  v and 
b values  for  the  Piedmont  were  adjusted  to  those  just  discussed.  The  stan- 
dard deviation  of  the  near-field  I-to-a  transformation  was  reduced  from 
1.25  to  0.8  yielding  a net  value  of  about  1.3  (rather  than  1.6)  for  smaller 
a values  (less  about  0.2g)  and  1.0  (rather  than  1.38)  for  larger  a values. 
The  results  are  a 0.01  annual  risk  (100-year  mean  return  period)  peak 
ground  acceleration  of  about  0.07  and  0.08g;  a 0.0014  annual  ri sk  (700 
year)  acceleration  of  about  0.2g.  These  acceleration  values  are  comparable 
to  those  above  for  larger  risks,  but  substantially  smaller  for  annual  risks 
of  10  or  less.  Given  an  M.M.  Intensity  no  greater  than  VII,  however, 
even  these  higher  acceleration  peaks  (above  0.2g)  would  be  associated  with 
very  short  durations. 
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INTRODUCTION 


It  is  appropriate  to  investigate  the  setting  of  a new  lake, 
such  as  the  Richard  B.  Russell  Reservoir,  to  ascertain  whether  or  not 
special  circumstances  exist  that  should  be  included  in  a prudent  evalu- 
ation of  seismic  risk.  As  will  be  shown,  a rational  prediction  may  be 
made  of  induced  seismicity  or  aseismicity,  but  the  state  of  the  art 
does  not  offer  proof  that  a site  having  unfavorable  conditions  will 
necessarily  show  enhanced  seismicity.  This  report  details  the  find- 
inos  of  such  a study,  conducted  during  July  to  December,  1976.  It 
entails  both  library  and  field  research,  and  integrates  into  the  pro- 
blem some  aspects  of  the  structural  geology,  geomorphology,  hydro- 
geology and  rock  mechanics. 

Evaluation  of  the  potential  for  induced  saismicity  by  a 
proposed  reservoir  may  follow  either  an  empirical  line  of  comparison 
with  other  reservoirs,  regions  or  circumstances,  or  alternatively,  it 
may  develop  a rational  theory  of  cause  and  effect.  Neither  suffices 
alone,  and  even  in  the  best  combination,  these  two  approacnes  do  not 
yield  answers  as  precise  as  we  need.  Because  a set  of  circumstances 
both  necessary  and  sufficient  to  produce  earthquakes  by  reservoir 
loading  is  not  yet  known,  the  empirical  approach  is  minimized  in  this 
report,  in  favor  of  a genetic,  causative  approach  that  may  lead  to 
better  Understanding  of  the  phenomenon,  more  reliable  prediction,  and 
theory  applicable  in  other  geological  circumstances. 

A brief  summary  of  seismological  and  geological  circum- 
s'ances  follows.  These  topics  are  dealt  witn  in  depth  by  Krinitzsk  . 

Lutton  and  Hancock  in  this  volume.  Because  the  empirical  ccmpari- ->• 
is  largely  inconclusive  for  prediction  in  this  case,  subsequ*’'. t :ut- 
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headings  of  this  report  deveiOp  background  for  interpreting  the 
history  of  local  stresses.  Upon  this  sequence  of  stress  changes 
will  be  superimposed  the  stresses  to  be  developed  by  the  reservoir, 
the  last  event.  In  this  way,  a criterion  of  prediction  of  induced 
seismicity  will  be  developed  for  the  Richard  B.  Russell  Reservoir. 
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SUMMARY  OF  SEISV.OLOGIC  AND  GEOLOGIC  CIRCUMSTANCES 


There  have  been  a few  reservoirs  in  the  world  that  have 
shown  a strong  relationship  in  time  and  space  to  significant  earth- 
quake incidence.  Among  these  are  Kariba  in  East  Africa,  Koyna  in 
India,  Kremasta  in  Greece  (Snow,  1973,  1974,  1972),  Bileia  in  Yugo- 
slavia and  Hsinf engkiang  in  China  (National  Academy  of  Sciences,  1972). 
There  is  a much  longer  list  of  less  certain  reservoirs  (approaching 
30)  associated  with  earthquakes  of  lower  intensity  or  that  die  out 
soon  after  filling  (Simpson,  1975).  Among  these  are  several  in  the 
Piedmont  Province  of  southeastern  U.S.  (Severv,  et.  al.,  1975), 
wherein  the  proposed  Richard  B.  Russell  Reservoir  is  to  be  situated. 
Clark  Hill  Reservoir,  immediately  downstream  on  the  Savannah  River, 
is  one  that  nas  conceivably  stimulated  quakes  (Talwani,  1976). 

Jocassee  Reservoir,  97  miles  upstream  on  the  Keowee  River,  has  been 
associated  with  many  low-intensity  quakes  (Talwani,  personal  com- 
munication, 1976).  The  geometrical  distribution  of  Jocassee  quakes 
around  and  under  the  reservoir  and  its  timing  soon  after  filling  pre- 
sent a more  convincing  relationship  than  does  the  localized  swarm 
near  McCormick,  South  Carolina,  22  years  after  filling  of  the  Clark 
Hill  Reservoir.  Hartwell  Reservoir,  immediately  upstream  of  the 
proposed  Russell  Lake,  and  Keowee  next  upstream,  have  not  been 
identified  with  more  than  one  event  each.  Those  reservoirs  located 
nearby  tne  Richard  B.  Russell  site  offer  the  best  possible  tests  of 
the  induced  seismicity  to  be  expected  upon  filling.  No  special  cir- 
cumstances of  each  reservoir  hav°  been  discovered  that  would  indi- 
cate plausible  reasons  why  some  (Hartwell  and  Keowee)  should  be 
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evidently  aseismic,  another  (Clark  Hill)  weakly  seismic  or  delayed 
in  response,  and  the  third  (Jocassee)  is  producing  swarms  of  low 
magnitude  (M<4)  quakes.  Jocassee  may  be  too  distant  for  comparison. 

Severy,  et.  al.  (1975)  have  summarized  seismic  circumstances 
of  6C  Piedmont  reservoirs  from  Pennsylvania  to  Alabama.  At  11  of 
them,  one  or  more  earthquakes  have  occurred  nearby  since  filling, 
but  they  were  all  in  areas  of  natural,  historical  seismicity.  The 
larger  and  deeper  reservoirs  have  had  more  nearby  quakes  than  have 
the  lesser  reservoirs.  Unlike  most  seismic  reservoirs  of  the  world, 
however,  most  of  the  Piedmont  occurrences  were  many  years  after 
filling.  Only  Jocassee  and  Clark  Hill  have  had  more  than  one  re- 
ported nearby  quake.  This  is  not  simply  a consequence  of  instrumen- 
tation, because  Carter's  Lake,  Georgia,  and  Lake  Anna,  Virginia,  have 
proven  aseismic  with  arrays  of  sensitive  seismographs  installed 
(L.  T.  Long,  personal  communication,  and  Severy,  et.  al.,  1975). 

Only  the  Jocassee  swarm  follows  closely  the  typical  prompt  res- 
ponse to  filling  of  a seismic  reservoir. 

Hadley  and  Devine  (1974)  summarized  the  regional  seismic 
and  structural  contrasts  of  the  eastern  provinces.  More  detailed 
seismicity  of  the  locality  is  found  in  Long  (1974)  and  Taiwani 
(1975).  The  greatest  naarby  events  experienced  have  been  the  Mu»4.3 
quakes  of  August  2,  1974,  near  Clark  Hill  Reservoir  ana  the  M = 2.8 
and  3.0  quakes  of  October  17,  1975,  and  February  4,  1976,  near  Jocassee. 
Similar  shaking  could  have  occurred  without  reservoir  stimulation, 
since  the  Lincolnton,  Georgia, quake  of  November  1,  1875,  and  the 
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Union  County,  S.C.,  quake  of  January  1,  1913,  were  more  intense  than 
the  1974  events. 


If  all  the  necessary  tectonic  circumstances  are  met  at  a 
reservoir  site,  and  if  the  stress  changes  are  demonstrably  unfavor- 
able, then  reservoir  impounding  can  be  expected  to  increase  seismicity 
by  (l)  causing  seismic  events  and  swarms  to  occur  sooner  than  natural 
processes  would  dictate,  and  (2)  causing  events  to  take  place  closer 
to  the  reservoir  than  otherwise.  Unfortunately,  we  do  not  really 
know  what  all  the  necessary  circumstances  are.  It  is  debatable  whether 
a seismic  reservoir  may  produce  greater  intensity  quakes  than  would  be 
predictable  from  the  statistics  of  past  events,  natural  and  induced. 

Of  all  the  alleged  seismic  reservoirs  of  the  world,  only  Koyna  has 
produced  a quake  greater  than  had  previously  been  experienced  in  its 
region  (Snow,  1974). 

The  dam  is  to  be  founded  on  foliated  meta-dacite  of  the 
Charlotte  Belt,  and  the  reservoir  extends,  dendritic  in  form,  north- 
westerly across  the  strike  of  foliation  onto  schists  and  high-grade 
gneiss  units.  There  are  numerous  steep,  east-dipping  shear  zones, 
among  them  the  Loundsville  Belt,  that  cross  the  proposed  reservoir. 

The  detailed  dam-site  geology  is  described  in  the  project  design 
memoranda,  and  the  pertinent  literature  on  the  areal  geology  are 
summarized  by  R.  T.  Lutton  and  W.  Hancock  in  this  volume  (see  bib- 
liography). From  the  standpoint  of  induced  seismicity,  the  signif- 
icant features  are  topographical,  hydrological  and  mechanical: 

(l)  The  reservoir  has  moderate  slopes  and  a dendritic  pattern 
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without  a significant  basin.  Erosion  has  removed  a calculated  38% 
of  the  slab  encompassed  by  the  watershed  area,  taken  to  a depth  equal 
to  the  relief,  about  270  feet.  The  volumes  were  computed  from  the 
stage-area  and  stage-capacity  curves  given  in  Figure  1.  These  have 
been  formed  by  planimetering  contours  above  the  reservoir,  extending 
the  Trotters  Shoals  lower  site  data  of  1968.  (2)  The  jointed, 

faulted,  steeply  foliated  intermediate  to  hign-grade  metamorphics 
have  permeability  that  can  be  expected  to  assure  deep  penetration  of 
pore-pressure  effects  to  hypocentral  depths  of  several  km.  Perme- 
ability is  probably  greater  parallel  to  the  foliation  than  across  it. 
Such  anisotropy,  with  maximum  across  the  reservoir's  long  axis, 
suggests  propagation  of  reservoir  pressures  far  along  strike  and  to 
great  depth,  where  average  potential  effects  may  approximate  half  the 
surface  effects.  These  features  are  discussed  in  a sub-heading  on 
hydrogeology.  (3)  Whereas  the  basement  rocks  are  covered  with  as 
much  as  120  feet  of  saprolite  on  hills  and  slopes,  the  rock  is  hard 
and  brittle  to  great  depths,  of  the  quality  exposed  along  the  Sav- 
annah River.  Persistence  of  sheared  material  and  voids  in  numerous 
deformable  inclined  fractures  indicates  that  lateral  stress  changes 
in  response  to  vertical  changes  should  be  computed  on  the  basis  of 
a Poisson's  ratio  of  about  0.3,  higher  than  laboratory  data  on  in- 
tact cores  would  suggest.  In  addition  to  shears  parallel  to  steep 
SE-dipping  contacts  there  are  fractures  trending  NW  and  NE  that 
locally  control  stream  courses. 

The  state  of  ground  stress  varies  with  depth  and  position 


Appendix  1 
6 Of  57 
Section  E 


1 


7. 

relative  to  topography,  but  since  there  is  a degree  of  current 
seismicity,  stresses  are  in  some  or  most  places  nearly  critical  for 
failure  by  slippage  on  some  pre-existing  fractures  within  the  upper 
5 km.  near  the  reservoir.  There  is  some  doubt  about  the  magnitudes 
and  direction  of  in-situ  principle  stresses.  Most  geological  and 
seismological  evidence  points  to  high  horizontal  compression  through- 
out eastern  North  America  (Sbar  and  Sykes,  1973).  Faults  near 
Augusta  (Prowell,  et.  al.  1975),  48  miles  from  the  R.  B.  Russell  dam- 
site,  have  been  shown  to  be  thrusts  dipping  ESE.  The  one  well- 
measured  Charleston  aftershock  (Tarr,  1976),  suggests  northeasterly 
thrusting.  Aftershocks  of  the  August  2,  1974,  quake  near  Clark  Hill 
Reservoir  inconsistently  indicate  either  wrench  or  normal  faulting, 
as  do  the  Jocassee  shocks  (Talwani,  1976).  The  nearest  in-situ  hydro- 
frac  test  results  (Haimson,  1976)  suggest  northeasterly  thrust-fault 
orientations,  as  do  some  other  tests  in  the  past  (Hooker  and  Johnson, 
1969).  Until  further  data  suggest  otherwise,  a stress  field  of  un- 
specified direction  of  high  horizontal  compression  will  be  assumed, 
with  faults  appropriately  disposed  to  accommodate  thrust  failure 
whenever  adverse  changes  take  place. 

Though  pore-pressure  measurements  in  km. -deep  holes  in 
crystalline  rock  beneath  reservoirs  have  never  been  made  for  proving 
the  extent  of  reservoir-induced  changes,  circumstantial  evidence 
points  to  considerable  depths  of  hydraulic  continuity.  Mine  waters 
indicate  as  much  as  3 km.  in  some  cases,  the  same  order  of  depth 
as  may  be  deduced  from  hot  springs  that  discharge  circulated  meteoric 
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water.  Spring  discharge  and  piezometric  measurements  at  several  km. 
lateral  distance  from  some  reservoirs  (Snow,  1972,  1973,  1974, 
Roksandic,  1970),  likewise  suggest  propogation  well  beyond  the  reser- 
voir slopes.  No  such  data  are  at  hand  for  Piedmont  sites,  but  similar 
behavior  is  expectable. 

An  increase  of  pore-pressure  in  the  rocks,  when  a reservoir 
fills,  decreases  effective  stresses  in  the  surroundings.  These  de- 
creases more  than  offset  the  increases  of  effective  stresses  resulting 
from  the  deadweight  of  the  reservoir.  Whereas  elastic  subsidence  is 
correctly  computed  from  total-stress  changes  Q la  Gough  and  Gough, 
1970),  failure  depends  upon  effective  stresses  (Nur  and  Byerlee,  1971). 
Decrease  of  effective  stresses  is  essential  to  induced  failure  (Snow, 
1972),  but  the  details  of  the  mechanism  are  not  obvious  in  any  given 
topographic  and  tectonic  setting.  Though  the  filling  of  any  reservoir 
might  suggest  that  it  should  produce  failure,  it  often  does  not,  pro- 
bably because  sufficient  stress  changes  are  not  developed.  The  his- 
tory of  deducible  stress  changes  before  filling  may  indicate  whether 
or  not  the  proposed  reservoir  should  be  expected  to  enhance  seismicity 
or  not.  To  outline  the  effective  stress  history,  an  adequate  under- 
standing of  the  geomorphic  and  hydrologic  evolution  of  the  region  is 
required . 

Then  uplift  and  subsidence,  heating  and  cooling,  erosion 
and  deposition,  raising  or  lowering  of  water  tables  can  be  put  into 
quantitative  terms  for  comparison  with  reservoir  loading.  The  reser- 
voir change  is  superimposed,  as  the  last  event.  The  starting  point  of 
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the  stress  history  is  the  time  of  the  latest  known  faulting  or  seis- 
micity, when  it  is  logically  assumed  that  stress  was  critical  for 
failure  somewhere  within  the  field  of  reservoir  effects.  The  history 
can  then  show  whether  or  not  continued  criticallity  has  remained,  or 
whether  a stress  threshhold  exists  to  offer  safety. 
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HYDROGEOLOGY  OF  PIEDMONT  ROCKS 


When  changes  in  near-surface  hydraulic  potential  occur, 
changes  at  depth  follow.  By  what  degree  and  to  what  depth  the  changes 
take  place  are  matters  of  deduction  from  observed  properties  of  the 
aquifers. 

Faults,  joints  and  foliation  surfaces  are  conduits  that  make 
the  metamorphic  units  aquifers  relative  to  sheared  or  healed  zones  tha 
are  aquicludes.  Throughout  the  reservoir  region  and  elsewhere  in  the 
Piedmont,  the  lithologic  units,  most  sheared  and  cataclastic  zones  and 
rehealed  fault  contacts  stand  vertically  to  steeply  inclined,  striking 
northeasterly.  The  writer  believes  the  boundaries  constrain  the  flow, 
so  that  the  region  is  strongly  anisotropic,  with  maximum  permeability 
along  the  plane  of  contacts  and  the  minimum,  normal  to  it  (Snow, 

1969).  The  alternative  favored  by  Sever  (1964)  is  that  flow  is  con- 
centrated in  planar  openings  parallel  to  the  bedding,  foliation  and 
axial-plane  cleavage.  This  may  also  be  true,  since  the  modest  (25 
gal.  per  day  per  ft)  transmissibilities  calculated  from  packer  in- 
jection tests  in  drill  holes  (Stewart,  1962)  are  demonstrably  due  to 
fractures,  not  the  rock  mass.  Joints  not  parallel  to  foliation  also 
abound,  but  these  are  apparently  not  as  effective  or  as  continuous 
as  conduits  compared  to  those  parallel  to  foliation.  Thus  boundaries 
limiting  the  extent  of  joints  across  foliation  may  control  anisotropy. 
This  would  account  for  the  ellipticxty  of  a arawdown  cone  at  the 
Georgia  Nuclear  Laboratory,  and  enhanced  base-flow  of  streams  flow- 
ing across  the  regional  strike  (Sever,  1964). 


Appendi x 
11  Of  57 


r 


11. 

The  depth  of  permeability  is  conjectural,  since  drill  holes 
exceeding  4C0  or  more  ft  in  the  Piedmont  are  rare,  and  mines  are 
scarce.  However,  water  occurs  in  fractures  to  all  depths  explored, 
even  if  the  frequency  and  conductivity  of  open  fractures  diminishes 
with  depth  (Snow,  1968a).  Water  in  deep  mines,  such  as  at  3.3  km.  in 
the  E.  Rand  mines,  South  Africa,  though  rare,  shows  that  crystalline 
rocks  have  conduits  capable  of  transmitting  pore  pressure,  even  if 
they  are  incapable  of  transmitting  significant  quantities. 

LeGrand's  (1967)  interpretation  of  near-surface  Piedmont 
hydrology  in  relation  to  topographic  position  is  germain  to  this  re- 
port. The  water  table  generally  lies  within  the  saprolite,  which  may 
be  from  0 to  150  ft.  thick,  but  water  reaches  fractures  below  by  fil- 
tering through  that  cover.  The  water  table  is  30  to  70  feet  deep  be- 
neath hills,  but  coincides  with  streams  in  valleys.  This  shape  in- 
dicates lateral  drainage  from  upland  recharge  to  lowland  discharge 
areas.  The  depth  of  such  circulation  is  a moot  issue  for  water  supply 
considerations:  only  shallow  aquifers  giving  relatively  high  well 

yields  are  of  interest.  But  for  rock  mechanics  purposes,  the  full 
penetration  of  the  influence  of  different  surface  potentials  is  the 
significant  property.  The  depth  of  concern  is  probably  as  deep  as  the 
zone  of  shallow  earthquakes.  Observed  earthquakes  clearly  induced  by 
reservoirs  (e.g.,  2-3  km.  at  Koyna,  India)  suggest  deep  penetration. 

The  water  table  shape  bears  a complex  relationship  to  the 
rate  of  recharge  through  saprolite  underlying  slope  areas,  the  dis- 
tribution of  permeability  with  depth  and  position,  and  the  slope 
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angle.  The  distribution  of  potential  at  depth  depends  on  the  snape 
of  the  water  table  and  the  orientation  and  permeability  variations 
along  conduits,  such  as  faults  and  joints.  At  great  depths,  the  per- 
meable features  of  interest  are  faults,  whereas  nearer  the  surface, 
the  features  of  importance  are  largely  joints  that  open  with  unload- 
ing or  erosional  releases  of  overburden  and  tectonic  loads.  The 
depth  of  weathering  is  paramount  near  the  water  table.  Saprolite  is 
lacking  at  the  level  of  important  streams  like  the  Savannah  River, 
which  expose  bedrock.  There,  joints  and  faults  abound.  Below  a few 
hundred  feet,  presumably  only  faults  are  important.  Doubtless  faults 
are  anisotropic  and  heterogeneous  conduits,  but  for  lack  of  informa- 
tion on  specific  ones,  it  is  assumed  that  they  function  as  near-vertica 
planar  conduits,  within  which  a predictable  circulation  takes  place 
according  to  any  assigned  or  supposed  pattern  of  changing  permeability. 
If  the  pattern  is  only  depth-dependent,  the  circulation  from  high- 
potential  recharge  regions  under  topographic  divides  to  low-potential 
discharge  regions  under  streams  is  symmetrical.  Complex  cellular 
flow  patterns,  shown  by  T6th  (1962)  and  by  Freeze  and  'Witherspoon 
(1967),  depend  upon  the  geology  and  configuration  of  the  water  table, 
which  mimics  the  topography.  The  potential  at  the  greatest  depths, 
our  present  concern,  depends  upon  the  major  topographic  features,  which 
give  scale  to  the  size  of  the  major  circulation  ceils.  Figure  2 
illustrates  the  ideal  pattern  predictable  for  isotropic  homogeneous 
ground  or  for  a vertical  conduit  in  the  same  plane.  In  tne  Pieamor.t, 
major  divides  between  SE-flowing  rivers  lie  roughly  20  to  25  km. 
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apart,  and  a cell  of  half  that  width  can  extend  to  at  least  such 
depths  if  hydraulic  continuity  exists.  At  shallow  depths,  nested 
cells  relate  to  the  finer  and  finer  drainage  systems  of  the  den- 
dritic stream  pattern.  But  potentials,  and  consequently  pore 
pressures  at  hypocentral  depths,  are  most  dependent  upon  the  deep- 
est, or  regional  circulation  cells.  Changes  in  potential  at  depth  thus 
reflect  such  boundary  potential  changes  as  occur  by  reservoir  filling, 
valley  alluviation  with  corresponding  water  table  rise,  valley  in- 
cision, etc.  If  there  are  deep-penetrating  but  isolated,  dead-ended 
conduits  like  faults,  potential  changes  in  such  static  water  columns 
will  respond  to  the  potential  change  in  the  deepest  overlying  cir- 
culation cell,  and  therefore  also  respond  to  boundary  potential  chances. 

The  time  for  a change  to  take  place  (Howells,  1972)  after 
a boundary  potential  is  changed  depends  upon  the  depth  in  question  and 
upon  the  diffusivity.  The  latter  is  the  ratio  of  permeability  to 
storativity,  both  of  which  decrease  with  depth  (Snow,  1968).  The 
rate  of  propagation  of  a transient  may  not  decrease  with  depth;  in- 
deed, there  is  seismic  evidence  at  Koyna  that  once  the  pore  pressures 
induced  by  the  reservoir  had  penetrated  the  Deccan  traps  into  the 
granitic  basement,  seismicity  spread  rapidly  in  lateral  directions. 
Talwani  (personal  communication,  1976)  has  some  of  the  first  measures 
of  the  obscure  diffusive  properties  of  basement  rocks,  found  by  mea- 
suring the  three-dimensional  spread  of  induced  earthquakes  in  the 
Lake  Jocassee  region.  It  is  conceivable  that  pressures  may  diffuse 
so  quickly  that  in  some  cases,  induced  earthquakes  may  occur  over 
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only  a few  months'  span  (as  at  Monteynard,  France),  whereas  in  other 
cases  (Lake  Mead,  Clark  Hill  Reservoir),  the  transient  may  take  many 
years  to  complete  the  hydrogeological-seismic  stress  adjustment.  Ex- 
perience at  many  reservoirs  suggests  that  the  span  of  usual  induced 
seismicity  is  a few  years.  The  Jocassee  data  are  consistent  with 
that  view.  Similarly,  a new  reservoir  like  the  Richard  B.  Russell 
Lake  should  develop  a seismic  response  in  2-3  years. 

When  a major  conduit,  such  as  a fault,  lies  parallel  to  a 
reservoir,  an  extensive  boundary  length  becomes  an  equipotential 
(the  head  is  the  reservoir  elevation)  with  a sharp  drop  of  potential 
at  the  dam,  producing  under-seepage.  At  depth  immediately  below  the 
dam,  the  increase  of  potential  is  equal  to  half  the  reservoir  depth; 
at  shallow  depth  below  the  reservoir,  the  increase  approaches  the  full 
submergence,  diminishing  upstream  and  with  depth  Delow  the  thalweg. 

If  regional  groundwater  circulation  is  dominated  by  faults  parallel 
to  the  river  rather  than  fau.ts  tributary  to  and  across  the  rivers, 
decreases  of  effective  stress  effect  greater  fault  areas  and  gen- 
erally have  greater  magnitude. 

It  is  concluded  that  pore-pressure  changes  at  deep  levels 
in  the  vicinity  of  Richard  E.  Russell  Reservoir,  which  crosses  most 
faults, may  be  approximated  by  one-half  the  change  at  the  discharge 
boundary.  A 200  ft  lake  would  increase  pore-pressure  in  a deep 
fault  reaion  about  43  psi.,  though  clearly  the  changes  ranae  from  0 
to  8b  psi. 

Stress  changes  from  hydraulic  events,  past  and  future, 
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are  important  aspects  of  the  effective-stress  circumstances  attending 
a reservoir.  Another  aspect  is  the  tectonic  setting. 


nn 


TECTONIC  EVOUTTION 

The  Appalachian  Mountains  are  believed  to  have  formed  during 
late  Paleozoic  tine  by  the  subductive  suturing  of  a North  American 
plate  to  a proto-Atlantic  plate  (Hatcher,  1972).  In  the  compressive 
orogeny,  great  shortening  and  thickening  of  the  crust  was  accomplished 
by  folding  and  imbricate  overthrust  faulting.  The  roots  of  the  nappes 
are  now  exposed,  because  there  has  since  been  a great  deal  of  erosion 
of  the  mountain-mass.  The  rocks  are  late  Pre-Cambrian  to  mia-Paieozoic 
in  age,  composed  of  regionally-metamorphosed  volcanics,  araywackes, 
shales  and  plutonics,  with  quite  different  grades  of  metamorphism  from 
one  SE-dipping  thrust  sheet  to  another.  Numerous  cataclastic  zones 
form  lithologic  boundaries. 

During  the  Triassic,  the  Atlantic  Ocean  opened.  Near  the 
continental  margin,  there  developed  extensional  faults  bouncing  graben 
and  half-araben  troughs  in  which  were  deposited  coarse  arkosic  sedi- 
ments and  volcanics  of  the  Newark  Series.  The  trough  system  extends 
from  the  Maritime  Provinces  southward  intermittently  to  Georgia.  The 
Dunbarton  Trough  underlies  coastal  plain  sediments  at  the  Savannah 
River  Plant  in  South  Carolina  and  across  the  River  in  Georgia  (Siple, 
1967).  The  NE-trending  normal  faults  indicate  that  while  the  contin- 
ental edge  was  in  a zone  of  divergent  mantle  flow,  the  least  compres- 
sive stress,  tfg,  was  NW-SE  and  the  major  stress,  , was  vertical. 

Vertical  diabase  dikes  with  consistent  NW  strike  cross-cut 
the  Triassic  faults.  They  are  Jurassic  in  age.  They  indicate  fluid 
injection  into  rock  whose  stress  field  was  d-!  horizontal,  parallel 
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to  their  NW  strike,  and  tf\  horizontal,  northeasterly.  May  (1971)  showed 
that  upon  reconstruction  of  the  early  Mesozoic  geography,  the  Jurassic 
dikes  in  the  circum-Atlantic  continental  margins  of  North  and  South 
America,  Europe  and  North  Africa  had  a radial  pattern  suggestive  of 
expansion  from  a central  area  now  occupied  by  the  Blake  Plateau. 

Change  of  position  of  the  margins  relative  to  such  a zone  of  mantle 
divergence  in  the  Atlantic  could  reasonably  account  for  a Triassic  to 
Jurassic  increase  of  northwesterly  compression,  while  other  stresses 
remained  relatively  unchanged. 

At  many  Piedmont  and  Blue  P.idge  localities  (Birkhead,  1973) 
there  are  found  silicious  breccia-filled  fractures,  otherwise  called 
flinty-crushed  rock  zones  (Conley  and  Drummond,  196b).  These  cut  the 
Jurassic  dikes  at  small  angles,  since  they  are  generally  oriented  west 
or  northwesterly  and  have  steep  dips.  As  healed  fractures,  they  may 
record  a different  tectonic  stress  system,  either  extensional  frac- 
turing or  faulting.  Hatcher  says  that  careful  geologic  mapping  shows 
no  displacements  along  those  healed  features,  but  D.  T.  Secor  has 
mapped  a flinty  crush-rock  zone  that  truncates  rock  units  (Talwani, 
1976).  Open  joints,  then,  record  a time  when  , and  were  more 
nearly  E-W  and  H-S,  respectively,  than  during  Jurassic  dike  formation. 

It  is  not  known  exactly  when  compressive  tectonic  mobility 
returned  to  southeastern  North  America,  for  the  evidence  of  Creta- 
ceous faulting  would  be  buried  under  the  coastal  plain,  where  there 
may  be  Early  Cretaceous,  possibly  even  Jurassic  sediments.  The  Tri- 
assic faults  bounding  the  Dunbarton  Basin  and  buried  by  late  Cre- 
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taceous  sediments  have  not  been  displaced  (Marine,  1976).  Reverse 
faults  of  NE  strike  cutting  late  Cretaceous  through  Quaternary-age 
beds  do  not  record  the  inception  of  NW  compression,  but  do  record  a 
long  period  of  activity  that  could  extend  to  the  present  (Prowell,  1975, 
1976).  Zupan  and  Abbott  (1975)  give  evidence  of  post-Eocene  thrust- 
ing. In  the  Charleston  area,  a synclinal  flexure  of  late  Cretaceous 
basalt  and  overlying  Santee  Limestone  strikes  northward  (Ackermann, 
1976).  The  Beaufort  high  (Higgins,  et.  al.,  1976)  parallels  the  South 
Carolina  coast.  It  is  probably  faulted  on  its  NW  flank,  and  involves 
Oligocene  and  older  strata.  Siple  (1967)  describes  oriented  clastic 
dikes  on  the  Savannah  River  Plant  cutting  the  Hawthorne  Formation  of 
alleged  Miocene  age.  It  is  not  certain  at  this  time  that  those  dikes 
are  of  seismo-tectonic  origin,  and  the  Hawthorne  is  conceivably  a 
saprolitization  product  of  the  underlying  late-Eocene  Barnwell  forma- 
tion (Marine,  personal  communication,  1976).  Evidently  the  dikes 
described  by  Zupan  and  Abbot  imply  post-Eocene  earthquakes.  Much  work 
remains  to  be  done  to  define  Tertiary  and  Quaternary  tectonics  of  the 
eastern  seaboard. 

Movement  of  the  continental  plate  away  from  the  mid-Atlantic 
spreading  rift  may  have  placed  the  continental  margin  over  a region  of 
horizontal  mantle  flow.  Thus  the  plate  would  transmit  high  hori- 
zontal stresses  imparted  by  base  shear.  The  mirimum  stress,  ^3,  became 
vertical  and  thrust  faults  developed  when  the  deviator  stress  became 
critical.  Furthermore,  a decrease  of  vertical  stress  in  excess  of  de- 
creases of  horizontal  stresses  is  a likely  consequence  of  Appalachian 
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storage  site  near  Lake  Jocassee,  S.C.,  determining  that  (Tj  is  north- 
easterly, and  is  vertical.  The  November  22,  1974,  quake  near  the 
Charleston,  S.C.,  site  is  interpreted  as  a thrust-fault  event  with 
compression  in  the  NE  quadrant  (Tarr,  1976).  However,  focal-plane 
mechanisms  reported  from  aftershocks  of  the  August  2,  1974,  shock 
near  Clark  Hill  Reservoir  at  McCormick,  S.C.  (Talwani,  1976)  were  of 
both  normal  and  wrench-fault  configuration,  with  ^3  WNW  and  *1  » *2 
equal  to  the  overburden,  the  only  model  consistent  with  the  data. 
Jocassee  quakes  support  the  thrust  model  near  the  surface,  but  deeper 
shocks  suggest  a normal-fault  model  (Talwani,  personal  communication, 
1976).  Reported  shocks  on  major  faults  such  as  the  Brevard,  Goat  Rock 
and  Towaliga  zones  are  more  consistent  with  a NW-SE  compression  than 
with  a NE-SW  direction;  no  prevalent  system  of  NW  striking  thrusts  has 
been  reported. 

In  consideration  of  conflicting  stress  data,  it  is  premature 
to  rule  out  the  possibility  of  various  stress  models,  and  it  is  clear 
that  further  data  will  be  needed  to  determine  adequately  the  regional 
stresses  even  in  qualitative  form.  The  preponderance  of  information 
does  favor  the  hypothesis  that  high  horizontal  stresses  exist  gener- 
ally (not  exclusively)  in  the  southern  Piedmont  region.  For  interpre- 
tation of  geomorphic  and  reservoir-induced  stress  changes,  a thrust 
pattern  is  most  likely,  but  the  normal-fault  alternative  will  be 
analyzed  also. 
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Because  there  are  subtle  differences,  making  one  reservoir 
site  seismic  and  another  non-seismic,  the  small  stress  changes  super- 
imposed on  regional  tectonic  stresses  by  surficial  events  need  to  be 
enumerated.  The  history  of  changes  can  be  deduced  from  the  geomorphic 
record,  upon  which  the  proposed  reservoir  effects  will  be  superimposed. 

Though  much  has  been  written  about  Southern  Appalachian  geo- 
morphology,  it  remains  imperfectly  understood.  For  instance,  why  does 
the  drainage  divide  now  lie  east  of  the  Blue  Ridge,  much  closer  to 
the  Atlantic  than  to  the  Gulf  of  Mexico?  The  divide  is  on  an  old 
1500-2500  ft-high  erosion  surface  dissected  by  S'.V-flowing  streams. 

This  is  the  Dahlonega  Plateau  of  La  Forge  (1925)  or  the 
Asheville  surface  of  Haselton  (1974).  The  east-flowing  streams  rise 
on  a steep,  dissected  scarp,  over  10C0  ft  high,  called  the  Blue  Ridge 
Front,  and  because  their  gradients  are  great,  these  streams  are  pro- 
gressively capturing  the  headwaters  of  the  sluggish,  SW-flowing 
streams  on  the  Plateau  (Acker  and  Hatcher,  1970).  Because  the  Front, 
sinuously  cross-cuts  NE-trending  formations  contrasting  in  lithology 
and  erodability,  the  Front  is  believed  by  the  writer  to  be  largely 
an  erosional  feature,  though  it  is  not  fully  understood  how  it 
evolved. 

The  fault-origin  hypothesis  of  White  (195C)  is  supported 
by  such  evidence  as  (l)  linearity,  (2)  abruptness  of  the  declivity, 

(3)  steep  stream  gradients,  falls  and  hanging  valleys,  (4)  truncated 
ridges  and  (5)  truncated  spurs,  (6)  fault  breccia,  (7)  slickensides , 
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(8)  alignment  of  streams  parallel  to  the  scarp,  and  offset  of  fault 
breccia  across  the  scarp  (Haselton,  1974).  They  would  interpret  the 
Dahlonega  as  an  upthrown,  more  dissected  part  of  the  Piedmont  peni- 
plain.  If  it  is  a fault,  it  seems  likely  to  be  an  ancient  one,  though 
the  deep  stresses  deduced  from  first  motions  of  Jocassee  quakes  at  the 
Blue  Ridge  Front  (Talwani,  personal  communication,  1976)  are  consis- 
tent with  a modern  normal-fault  mechanism.  The  principle  objection 
to  the  fault  hypothesis  is  that  parallelinity  to  structure  is  res- 
tricted to  the  reentrant  in  South  Carolina;  elsewhere  the  Blue  Ridge 
Front  cross-cuts  the  metamorphic  units  and  particularly  the  Brevard 
cataclastic  zone,  oft-suspected  of  being  a major  recurrent  fault. 

East  of  the  Blue  Ridge  Front  is  a subdued,  mildly  dissected 
terrain  known  as  the  Piedmont,  a plain  into  which  streams  have  eroded 
to  develop  relief  which  varies  from  500-odd  ft  near  the  Front,  to 
about  250  ft  near  the  Fall  Line.  The  latter  is  the  SE  boundary  of 
the  Piedmont,  so-called  because  it  is  the  limit  of  navigation,  where 
the  master  streams  leave  the  metamorphics  to  flow  on  soft  sedimen- 
tary and  alluvial  materials  of  the  Coastal  Plains.  Whereas  many  more 
streams  of  the  Piedmont  flow  nearly  on  strike  with  the  steeply- 
foliated,  NE-trending  metamorphics,  they  are  parts  of  a dendritic 
pattern  developed  upon  a homogeneous  alluvial  cover,  now  removed. 

The  trunk  streams  are  SE-flowing,  consequent  to  a tilting  Appalachia. 
In  the  headward  extremes  of  the  Piedmont,  as  on  the  Dahlonega  Plat- 
eau, more  perfect  adaptation  to  foliation  and  jointing  is  shown  by 
subsequent  drainage  patterns. 
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In  one  important  aspect,  the  Appalachian  topography  re- 
sembles Africa,  with  which  it  has  a common  continental  ancestry: 
two  or  more  major  ancient  erosion  surfaces  are  evident.  Where  re- 
lationships are  more  clear  in  Africa,  the  oldest  surface  is  evi- 
dently Jurassic  in  age,  dating  from  the  breakup  of  Gondwanaland,  and 
the  most  extensive,  the  African  surface,  is  Cretaceous.  Erosional 
development  has  been  faster  in  the  southern  Appalachians  because  of 
higher  gradients,  and  greater  run-off  rates.  B.-fore  late  Cretaceous 
and  Tertiary  recutting,  the  Piedmont  was  nearly  planar,  as  indicated 
by  soundings  through  the  Coastal  Plain  sediments.  Thus  the  Dahlonega 
Plateau  could  be  a much  older  surface  and  the  Blue  Ridge  summits  even 
more  so.  The  few  monadnocks  (like  Graves  Hill,  Figure  5)  protruding 
above  the  well-bevelled  Piedmont  surface  support  the  view  that  the 
Dahlonega  Plateau  once  extended  eastward. 

As  indicated  in  the  stress  history  to  follow,  erosion  and 
uplift  have  dominated  the  Appalachian  chronicle,  while  burial  and 
subsidence  have  characterized  the  coastal  plain.  Both  regions  have 
moved  to  maintain  pseudo-isostatic  balance,  tilting  progressively 
eastward,  apparently  as  a unit.  If  there  have  been  major  fault  dis- 
locations of  once-continuous  erosional  surfaces,  they  are  either 
hidden  beneath  the  coastal  deposits  or  obscured  by  saprolite  developed 
on  Piedmont  rocks  lacking  marker  horizons.  Slickensided  seams  of 
clay  or  manganese  and  iron  oxides  and  hydroxides  found  in  the  Pied- 
mont are  believed  (Deininger,  1976)  to  be  of  pedogenic  origin,  not 
faulting.  Only  at  the  Fall  Line,  where  stratigraphic  cover  is  thin, 
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are  unquestionable  faults  likely  to  be  found. 

A marked  difference  of  magnetic  character  and  grain  noted  oy 
Zeitz,  et.  al.,  (1976)  suggests  a different  origin  of  the  basement 
beneath  the  Coastal  Plain  from  that  of  the  Piedmont.  Phillip  (1976) 
interprets  the  gravity  anomalies  near  Charleston  to  indicate  E-trend- 
ing  faults  having  displacements  up  to  1000  ft.  Higgins  et.  al.  (1976) 
feel  that  the  Orangeburg  scarp  lying  about  25  miles  SE  of  the  Fall 
Line  is  a fault  scarp,  separating  regions  of  different  sedimentary 
facies.  Thus  the  Fall  Line  could  be  within  a zone  of  regional  fault- 
ing, making  tilt  projections  (Figure  5)  onto  the  Piedmont  quite  ques- 
tionable measures  of  uplift. 

During  the  last  150  million  years,  the  rate  of  landform 
development  has  been  controlled  by  saprolitization  rates,  fostered  by 
high  temperatures  and  rainfall.  Deep  saprolite  existed  before  the 
late  Cretaceous  Tuscaloosa  Formation  buried  and  reworked  it.  Intact 
foliation  in  kaolin  residuum  is  found  under  the  unconformity.  The 
coarse  sandy  to  pebbly  Tuscaloosa  beds  record  a long  period  of  high- 
energy  stream  erosion,  cutting  through  an  old  saprolite  cover  into 
unweathered  crystalline  bedrock,  much  of  which  is  granitic.  Drilling 
has  shown  (Siple,  1967)  that  there  was  as  much  as  150  ft  of  relief 
at  the  position  of  the  Savannah  River  Plant,  and  presumably  there  was 
more  relief  inland.  Subsequent  coastal  formations  are  all  fine- 
grained, more  calcareous,  shallow  marine  deposits  of  saprolite-derived 
detritus  generally  lacking  coarse  elastics  (Siple,  1967,  and  Owens, 
1970).  Even  the  Pleistocene  beds  are  fine-grained  sand  and  muds, 
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while  the  Savannah  system  has  incised  valleys  into  bedrock  on  the 
Piedmont.  Climatic  control  of  tectonism,  or  vice-versa,  is  evident 
from  the  change  to  fine-grained  clastic  and  carbonate  sedimentation 
after  late  Eocene  time. 

Douglas  (1974)  has  summarized  research  on  Piedmont  sapro- 
lite  age,  concluding  that  it  is  pre-Pleistocene,  a million  years  old 
at  a minimum.  In  the  case  of  the  faults  cutting  reactor  containment- 
vessel  excavations  at  North  Anna,  Virginia,  or  the  fault  cutting  the 
diversion  channel  at  Richard  B.  Russell  Dam,  undisturbed  horizontal 
red-yellow  podsol  marker  beds  indicate  no  fault  displacement  during 
the  last  million  years.  A similar  conclusion  of  saprolite  age  can  be 
drawn  from  the  writer's  observations  of  soil  formation  in  coastal 
terrace  deposits.  The  lowest  terraces  (the  present  tidal  flats,  the 
Pamlico  at  25  ft  and  the  Talbot  at  42  ft  elevation)  are  unweathered, 
but  the  higher  ones  are  saprolitized.  Just  south  of  Springfield, 

Ga . , the  Penholoway  surface  (70  ft)  is  characterized  by  a 2-ft  leached 
yellow  horizon  underlain  by  about  10  ft  of  mottled,  crenulated  soil 
enriched  with  red  iron  oxides.  Though  interglacial  correlations  are 
uncertain  at  this  time,  the  normal  sequence  would  suggest  an  age  of 
about  600,000  years  for  the  Penholoway  soils,  thus  rapid  saprolitiza- 
tion  is  evident,  a process  that  has  gone  on  at  least  since  Cretaceous 
time. 

While  climate  controls  weathering,  it  also  controls  ero- 
sional  removal,  in  conjunction  with  relief.  But  relief  is  controlled 
also  by  isostatic  uplift,  which  in  turn  responds  to  erosion.  A mountain 
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chain  of  low-density  crustal  rock  buoyed  up  by  high-bensity  mantle  rock 
has  altitude  controlled  by  the  thickness  of  the  crust  and  the  density 
contrast.  Like  an  iceberg  whose  tip  is  melting,  it  continues  to  rise 
above  sea  level.  The  altitude  diminishes  much  more  slowly  than  the 
ground  is  eroded.  It  will  be  shown  below  that  since  the  mid-Cretaceous, 
there  has  been  about  2,270  ft  of  uplift  of  the  Piedmont  in  the  pre- 
sent vicinity  of  the  R.  B.  Russell  Reservoir,  but  topography  stands 
only  about  425  ft  lower  now  than  formerly.  The  evidence  of  uplift  is 
plotted  on  Figure  5,  revealing  the  pre-la te-Cretaceous  unconformity 
beneath  the  Savannah  River  Plant,  dipping  36-40  ft/mile  southeasterly. 
Near  Charleston,  S.C.,  it  is  4,000  ft  deep  and  dips  about  42  ft/mile 
(Stephenson,  1914  and  Ackermann,  1976).  Succeeding  unconformities 
dip  at  flatter  angles,  recording  the  tilt  since  each  unconformity  was 
preserved.  On  Figure  5,  these  have  been  projected  back  over  the  Pied- 
mont along  profiles  appropriately  bent  as  in  a continuous  beam. 

The  relationships  between  erosion  and  uplift,  alluviation 
and  subsidence  were  computed  using  simple  models  and  Archimedes 
Principle.  Its  derivation  is  included  here  because  the  concept  has 
not  previously  been  applied  to  induced  seismicity. 

Illustrations  A 8 B follow: 


(A) 


S^a  Level 

P. 


When  D = crustal  depth 
E s erosion 
U = uplift 
h = altitude, 
then  E - U = (h,  - h^ 

2.65  h,  = (D-h, ) (3.4  - 2.8)  and  2.65  ha  r (D-E-h2)(3.4  - 2.8) 
(2.65  + 0.6)  h,  = 0.6  D (2.65  t 0.6)  h2  ♦ 0.6  E s 0.6  D 

3.25  (h,-hj  = 0.6  E 
(h,  -h2)  » .165  E 
U s .815  E 

Thus  erosion,  E = 1.23  U 


If  U?0  is  a known  uplift  in  ft, 

Atf*  = 


_S_  JL  *■  - .24  U psi,  since 

1-y  a 


a,  the  earth's  radius,  is  2.09  x 107  ft. 


Similarly,  when  aggradation  of  a terrain  occurs,  subsidence  may 
be  computed  bys 


1.5 

=.  2.07  y w 

Pm  2 2.1 


S a h,  - h4+  A = A - (hj-h,) 

(D  -h,)(3.4  - 2.8)  2.1  A + 2.8  (h2-A)  a (D-hj+  A)(3.4  - 2.8 

0.6  D 3.4  h2  + 2.1  A - 2.8  A - 0.6  A = C.6  D 

3.4  ht  - 1.3  A » .6  D 
3.4  h,  r 3.4  h2-  1.3  A 
1.3  A s 3.4  (hj-h,) 

(h,-h()  S hi  A , .38  A 

3.4 

S ; A - (hi-hl ) = .62  A 
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It  is  believed  that  the  Piedmont  attained  a very  nearly  plane 
aspect  during  Pliocene  time  except  for  a new  monadnocks.  Plane  hori- 
zons are  currently  visible  in  excavations  through  the  saprolite. 

The  stream-cut  valley  slopes  truncate  the  saprolite  horizons.  Dur- 
ing some  interval  of  changed  climate,  that  surface  was  covered  with 
sediment  derived  from  the  Blue  Ridge,  possibly  attaining  as  much  as 
200  ft  of  thickness  and  extending  almost  to  the  Blue  Ridge  Front. 

The  continuous  cover  probably  did  not  extend  into  an  area  of  strike 
ridges  and  subsequent  and  trellised  stream  patterns  having  angular 
junctions  and  evidence  of  piracy  in  the  Salem,  S.C.  Piedmont  re-entrant. 
Elsewhere  on  the  Piedmont,  streams  consequent  to  the  fill  developed 
a dendritic  pattern  which  has  persisted  after  superposition  onto  the 
foliated  rocks.  Superior  adjustment  of  drainage  to  lithology  and 
fracturing  in  the  re-entrant  suggest  more  prolonged  exposure  com- 
pared to  the  rest  of  the  Piedmont,  which  is  exhumed. 

The  present  hilly  topography  of  the  Piedmont  is  the  product 
of  intermittent  incision  into  the  resurrected  Pliocene  peneplain, 
with  channel  sedimentation  at  times  refilling  parts  of  the  valleys. 
Master  streams  like  the  Savannah  and  many  tributaries  now  flow  on 
fresh  bedrock  without  alluvial  fills,  reflecting  steeper  than  natural 
gradients,  probably  resulting  from  continued  southeastward  tilting. 
Whereas  the  gradient  of  the  Savannah  River  is  about  1 ft  per  mile  in 
the  alluvial  reach  below  the  Fall  Line,  its  gradient  above  is  about 
3*  ft  per  mile.  It  is  very  rare  to  find  a river  of  such  size  that 
lacks  alluvial  bed  material. 
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Coastal  Plain  sediments  of  late  Cretaceous  to  Miocene  age 
record  a history  of  epeirogenesis  that  is  the  key  to  understanding 
the  late  Tertiary  and  Quaternary  events  less  well  recorded  in  the 
stratigraphy.  For  full  descriptions  of  these  units,  the  reader  is 
referred  to  Siple  (1967).  As  seen  in  Figure  5,  each  unit  is  a wedge 
thickening  southeasterly,  separated  from  succeeding  units  by  an 
erosional  unconformity  that  beveled  the  top  of  the  next  older  landward 
wedge-edge  so  that  young  units  lie  on  successively  older,  even  Paleo- 
zoic rocks  towards  the  west.  The  dip  of  the  unconformities  decreases 
upwards,  consistent  with  their  ages.  The  existence  of  erosional  un- 
conformities indicates  that  uplift  was  spasmodic.  Interruptions  of 
sedimentation  show  that  the  Fall  Line  has  not  been  a hinge  line,  for 
coastal-plain  regions  were  also  uplifted,  stripped,  and  subsequently 
reburied.  After  the  coarse  Tuscaloosa  clastic  sequence  was  deposited, 
late  Cretaceous  to  Miocene  sediments  were  dominantly  fine-grained  and 
of  shallow  marine,  littoral,  lagoonal,  and  tidal  origin.  The  isosta- 
tic balance  between  sedimentary  loading  and  basin  subsidence  has  been 
very  sensitive  throughout  the  Tertiary  and  Quaternary,  during  which 
as  much  as  4,000  ft  of  deposition  and  subsidence  has  taken  place  at 
about  sea  level.  Because  flat  slopes  make  large  changes  of  the 
shore-line  position  when  uplift  takes  place,  it  is  apparent  from  the 
extent  of  unconformities  that  individual  uplift  events  were  on  the 
order  of  50  ft.  These  could  conceivably  have  been  accompanied  by 
one  or  more  earthquakes,  like  the  Prince  William  Sound  quake  ar.d 
regional  tilt  of  March,  1964.  The  events  could  also  have  been  dis- 
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continuous  but  quiet  epeirogenesis  of  the  sort  currently  proceeding 
; in  northeastern  Georgia.  Uplift  is  occuring  there  at  a rate  of  7 mm. 

per  year,  and  tilting,  3.5  mm. /year/lOO  km.  (Meade,  1971). 

The  modern  Piedmont  erosion  surface,  mostly  carved  on 
steeply-foliated  metamorphics , continues  essentially  uninterrupted 
eastward  of  the  Fall  Line  onto  soft  Cretaceous  and  Eocene  sediments. 
Locally,  the  downcutting  of  subsequent  Piedmont  stream  tributaries 
has  exhumed  the  basement  unconformity  and  formed  west-facing  sedimen- 
tary cuestas.  The  dissected  surface  underlain  by  soft  sediments  near 
the  Savannah  River  is  called  the  Aiken  Plateau  in  South  Carolina  and 
the  Louisville  Plateau  in  Georgia  (Cooke,  1936).  It  slopes  about  8 ft 
per  mile  from  elevation  about  600  ft  at  the  Fall  Line  (Siple,  1967). 
Its  age  is  presumably  Mio-Pliocene. 

Southeast  of  the  plateaux  is  a sequence  of  seven  Pleistocene 
marine  terraces  covering  a strip  80-90  miles  wide  to  the  Atlantic 
shore.  Each  is  apparently  the  result  of  a still-stand  of  sea  level 
and  a beveling  of  older  deposits  to  form  a SE-facing  scarp,  often  sur- 
mounted by  sand  deposits  that  are  remnants  of  a barrier  island  system. 
Generally  flat,  swampy  ground  lies  shoreward  of  each  bar,  but  succeed- 
ing higher  terraces  are  better  and  better  drained,  possibly  because 
their  low  initial  slopes  have  been  tectonically  steepened. 

The  highest  terrace,  bounded  by  an  irregular  shoreline  of 
submergence  to  the  northwest,  is  the  Brandywine  or  Hazlehurst  Terrace, 
at  elevation  about  220  ft.  Below  it  is  the  Coharie  Terrace  at  215  ft. 
The  scarp  below  the  Coharie  is  steep  and  nearly  linear  across  South 
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Carolina.  Called  the  Citronelle  or  Orangeburg  Scarp,  it  bends  west- 
ward to  lie  tangent  to  the  Savannah  River.  There  the  Coharie  and 
Hazlehurst  Terraces  pinch  out,  so  the  scarp  bounds  the  Aiken  Plateau. 
Thus,  it  is  erosional,  not  a fault  line  scarp,  for  its  conformation 
to  the  river  indicates  that  an  estuary  formed,  thenttescarp  formed  by 
lateral  river  migration  upon  the  estuary  fill.  Below  the  Coharie  is 
the  Sunderland  Terrace,  elevation  170  ft,  bounded  below  by  the  sinuous 
Surry  Scarp,  which  also  bends  tangent  to  the  Savannah  River.  From 
the  evidence  of  river  drowning  between  sea -level  withdrawals,  it  is 
presumed  that  alluvial  conditions  changed  far  upstream,  resulting 
each  time  in  gravel  alluviation  and  a water  table  rise,  alternating 
with  times  of  gravel  erosion  and  river  fall. 

Below  the  Surry  Scarp  is  the  Wicomico  Terrace  at  ICC  ft,  the 
Penholoway  at  70  ft,  the  Talbot  at  42  ft,  the  Pamlico  at  25  ft,  and 
the  modern  salt  flats  lying  behind  the  barrier  sand  islands.  The 
present  drowned  mouth  of  the  Savannah  River,  the  Broad  River,  St. 
Helena,  Charleston  Harbor,  etc.  are  due  to  an  eustatic  rise  of  sea 
level  during  glacial  retreat  elsewhere.  The  correlation  of  the  seven 
terraces  with  glacial  interstages  has  not  been  made  because  only 
five  interstages  are  known.  Yet,  tiers  of  seven  terraces  or  pedi- 
ments have  been  noted  elsewhere,  such  as  along  the  Rocky  Mountain 
Front  (Markette,  et.  al.,  1976),  which  suggests  continental-scale 
climatic  variations.  Flint  (1940,  quoted  by  Siple,  1967)  considered 
the  Surry  Scarp  the  highest  Pleistocene  feature.  It  is  only  specu- 
lation then  to  assume  the  seven  terraces  to  have  formed  during  the 


ppendix  1 
34  of  57 
Section  E 


33 


r 


1.5  million  years  or  so  ascribed  to  the  Pleistocene. 

Cooke  (1936)  envisioned  each  marine  terrace  to  have  formed 
during  a high  sea-level  interglacial  still-stand.  Continuous  uplift 
resulted  in  a succession  of  terraces  because  of  the  uplift  occurring 
during  low-level  glacial  stages.  This  interpretation  implies  tectonic 
quiescence  rather  than  cataclysmic  seismic  events  attending  uplift. 

There  is  evidence  of  former  Savannah  River  alluviation  on 
the  Piedmont.  Siple  (1967)  notes  Pliocene  alluvial  gravel  up  to  20 
ft  thick  on  interstream  divides  near  the  Fall  Line.  Topographic 
benches  along  the  shores  of  Clark  Hill  Reservoir  and  the  future  Richard 
B.  Russell  Reservoir  have  been  detected  on  topographic  maps  (See  Fi- 
gure 5),  some  of  which  preserve  thin  gravel  deposits.  On  the  South 
Saluda  River  are  bouldery  gravels  at  50  ft  and  100  ft  above  the  pre- 
sent river  (Haselton,  1974)  which  flows  on  rock.  The  modern  Savannah 
River  Channel  near  Savannah  River  Plant  flows  on  5 to  30  ft  of  allu- 
vium, possibly  the  result  of  coastal  drowning.  Whereas  the  alluvial 
terraces  on  the  Piedmont  are  genetically  related  to  the  marine  ter- 
races on  the  Coastal  Plain,  the  work  of  correlating  these  sets  of 
surfaces  has  not  been  done. 
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RICHARD  B.  RUSSELL  RESERVOIR 

It  is  instructive  to  evaluate  the  changes  of  stress  up 
to  the  time  of  latest  certain  faulting  (post-Eocene),  then  to  see 
if  a consistent  trend  towards  instability  has  persisted  between 
latest  faulting  and  the  present  time  of  modest  seismicity,  and 
finally,  to  superimpose  on  the  prior  events  the  stress  changes  at- 
tributable to  filling  of  the  future  reservoir. 

A summary  of  stress  effects  due  to  the  following  events 
are  to  be  found  in  Table  I and  Figure  3: 

1.  The  late  Cretaceous  Tuscaloosa  and  Ellenton  Formations  were  laid 
down  on  a subsiding  basement  as  the  Blue  Ridge  and  Piedmont  were 
eroded.  Saprolitization  continued,  as  suggested  by  detrital  kaolin 
in  the  Tuscaloosa.  Since  Tuscaloosa  deposits  are  coarse  continental 
elastics,  even  to  the  coast  (Gohn,  et.  al.,  1976)  there  were  no  in- 
undations nor  alluviations  on  the  Piedmont  as  must  have  occured  at 
later  times.  The  Ellenton  Formation  records  a time  of  decreased 
relief  inland  and  a transgressive  sea,  since  its  predominantly  fine- 
grained sediments  are  tidal  and  estuarine.  Thus,  it  is  likely  that 
the  rugged  mid-Cretaceous  erosion  surface  was  reduced  to  a peni- 
plain  with  less  water-table  decline  than  would  have  occured  had  the 
terrain  remained  rugged. 

2.  As  scaled  on  Figure  5,  the  late  Cretaceous  uplift  totalled 
1,000  ft,  producing  an  effective  stress  changes  A<J"ex  = -344  psi. 
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During  this  time,  erosion  was  1230  ft,  producing  effective  stress 
changes:  Atfez  = -1422  psi  and  Mex  = -609  psi.  Cooling  during  1230 
ft  of  erosion,  slow  enough  (75  x 10*5  years)  to  maintain  an  equilib- 
rium geothermal  gradient  of  l°C/40  m,  produced  an  effective  stress 
change:  AA  ex  = -160  psi.  The  water  table  would  have  declined  1230 
ft,  the  same  as  the  erosion  but  for  the  loss  of  at  least  100  ft  of 
relief.  It  declined  about  1230  ft  at  divides  and  1130  ft  at  streams, 
for  an  average  of  1180  ft  at  the  bottom  of  circulation  paths.  That 
changed  both  effective  stresses  by  A6ez  ; £><5ex  = ♦ 511  psi  (See 
Figure  2). 

3.  Eocene  deposits  on  the  Coastal  Plain  were  voluminous  but  finer- 
grained  than  the  Tuscaloosa,  because  of  diminished  relief  on  Appa- 
lachia. Glauconitic  sands  and  marls  of  the  Congaree  Formation  record 
neritic  marine  deposition,  as  do  the  sands,  clays  and  limes  of  the 
McBean  Formation.  The  red  sandy  clays  overlying  limestones  of  the 
Barnwell  Formation  also  record  shallow  marine  deposition.  The  shore 
remained  near  the  Fall  Line.  Oligocene  cherty  fossiliferous  neritic 
beds  of  the  Flint  River  Formation  are  found  seaward  of  the  Savannah 
River  Plant,  but  the  attitudes  of  contacts  are  ill-defined,  so  it  is 
included  here  with  the  Eocene  events  for  computation  of  uplift. 

Eocene-Oligocene  uplift  totaled  950  ft,  producing  effective 
stress  changes:  Affex  = -327  psi.  During  this  same  time,  erosion  was 
1170  ft,  producing  effective  stress  changes:  A<3"ez  - -1346  psi  and 
Atfex  = -578  psi.  Cooling  corresponding  to  1170  ft  of  erosion  pro- 
duced a further  effective  stress  change:  Atfex  = -152  psi.  A water 
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table  decline  of  the  full  amount  of  erosion,  1170  ft,  with  plane  terrain 
maintained  produced  effective  stress  increases:  Atffez  - Ai tfex  - +•  504  psi. 

4.  Miocene  deposition  is  recorded  in  the  very  extensive  Hawthorn 
Formation,  generally  sandy,  phosphatic  sandstones  of  shallow  marine 
origin.  Pliocene  inundation  of  the  Coastal  Plain  is  indicated  by  marine 
shell  beds  of  the  Waccamaw  Formation.  The  angular  relationship  between 
the  base  of  the  Miocene  Hawthorn  and  the  supposed  Pliocene  erosion 
surface  on  the  Piedmont  at  the  vicinity  of  R.  B.  Russell  Dam  suggests 
uplift  of  175  ft  in  the  Mio-Pliocene  interval.  The  resulting  effec- 
tive stress  change  was:  L<5  ax  a -60  psi.  Erosion  during  this  time 

was  about  215  ft,  producing  effective  stress  changes:  A<S  az  = -247 

psi  and  ASex  - -106  psi.  Cooling  to  correspond  with  the  erosion  pro- 
duced a horizontal  effective  stress  change:  Ac Tex  = -28  psi.  The 
water  table  decline,  of  amount  equal  to  the  215  ft  erosion,  produced 
equal  effective  stress  changes:  AjS ez  a A<5ex  = »93  psi. 

5.  Oriented  clastic  dikes  (Siple,  1967,  p.  59)  cutting  the  Hawthorn 

Formation  are  probably  the  result  of  one  or  more  major  earthquakes 

late 

which  may  have  recurred  any  time  during  the/Tertiary  unloading  se- 
quence, excepting  periods  of  alluviation.  Since  sedimentary  dike 
formation  is  fostered  by  uncemented  fine  granular  materials  that 
readily  liquify,  it  is  suggested  that  the  dikes  are  penecontempsran- 
eous  with  the  overlying  injected  sequence  of  Hawthorn  rocks,  thus 
quakes  may  have  preceded  Pliocene  alluviation  on  the  Piedmont. 

6a.  It  may  be  supposed  that  the  fine-grained  clastic  landward  equi- 
valents of  the  Pliocene  limestones  (Waccamaw)  covered  a large  part 
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of  the  Piedmont,  and  that  it  was  upon  this  vanished  formation  that  a 
consequent  dendritic  river  drainage  pattern  developed  before  Pleisto- 
cene time.  The  extent  of  cover  is  estimated  by  the  change  from  den- 
dritic to  subsequent  pattern  in  the  Walhalla-Salem,  South  Carolina, 
reentrant,  at  elevation  about  1200  ft.  Over  a drainage  distance  of 
about  60  miles,  a river  flowing  on  all  'vium  would  have  fallen  not 
more  than  200  ft.  The  depth  of  cover  in  the  P..  B.  Russell  area  could 
have  been  on  the  order  of  200  ft,  if  much  of  the  present  700  ft  of  fall 
from  the  Saluda  River  capture  points  (Haselton,  1974)  to  the  region  of 
the  damsite  has  been  developed  by  Pleistocene  tilting.  An  aggradation 
of  200  ft  of  alluvium  would  have  produced  transient  stress  change  of: 
Adez  =.  +153  psi  and  Affex  = +66  psi.  Heating  due  to  200  ft  of  burial 
would  have  changed  effective  stress  by:  &6ex  = +26  psi.  The  ground 
accordingly  may  have  subsided  124  ft  to  change  effective  stress  by: 

Adex  = +43  psi. 

The  increase  of  elevation  was  76  ft,  38%  of  the  aggradation, 
but  the  water  table  rose  200  ft  relative  to  the  rocks,  decreasing  effec- 
tive stress:  A<5"ez  = A&x  - -87  psi.  Evidence  of  Pliocene  aggradation 
is  the  presence  of  alluvial  gravel  deposits  up  to  20  ft  thick  (Siple, 
1967,  p.  62)  on  interfluves  on  the  Aiken  Plateau. 

6b.  These  loading  effects  of  a temporary  Pliocene  fill  were  removed 
by  subsequent  stripping  of  the  Piedmont  veneer. 

7.  Pleistocene  events  are  best  recorded  in  the  Coastal  Plains. 
Fluctuations  of  sea  level,  progressively  retreating  as  the  continent 
rose,  producing  seven  terraces  of  descending  altitude.  At  the  R.  B. 
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Russell  Damsite,  as  elsewhere  in  the  Piedmont,  the  incision  of  the 
Savannah  River  and  its  tributaries  was  interrupted  during  times  of 
high  sea  level,  when  terraces  were  eroded  and  alluviated.  Some  of 
these  are  evidently  gravel-veneered,  but  only  two  terraces  could  be 
located  at  any  cross-section  using  existing  topographic  maps,  and  they 
could  not  readily  be  tied  to  any  of  the  recognized  marine  terraces. 

A complex  stress  history  could  be  unravelled  by  field  study 
of  the  morphology  of  the  Savannah  River  Valley.  Because  the  mast  re- 
cent events  have  the  strongest  bearing  on  the  matter  of  reservoir- 
induced  seismicity,  the  present  state  of  understanding  of  the  Pleis- 
tocene is  outlined  here:  When  Pliocene  time  ended,  sea  level  appar- 

ently stood  at  about  the  level  of  the  modern  100  ft  contour  and  about 
40  miles  from  today's  coast  line.  The  Aiken-Louisville  Plateau,  the 
highest  and  most  dissected  coastal  plain  surface,  was  probably  planed 
to  that  base-level,  coincident  with  the  Piedmont  Pliocene  peneplain. 
Its  gradient  of  8 ft/mile  suggests  antiquity,  uplift  and  tilting 
since  the  modern  Savannah  River  slopes  1 ft/mile  at  the  same  distance 
from  the  coast.  The  plateau  may  have  been  eroded  considerably  before 
the  first  interglacial  submergence  because  the  highest  terrace,  at 
elevation  270,  has  a very  irregular  shoreward  outline. 

Each  glacial  advance  was  accompanied  by  a fall  of  sea- 
level,  and  each  interglacial,  by  a rise.  But  becaiaa  of  progressive 
epeirogenesis , each  succeeding  high  stage  cut  a terrace  lower  than 
its  predecessor. 


Appendix  1 
4 1 of  57 
Section  K 


39 


These  are;  Name  Elevation 


Hazelhurst 

270 

Coharie 

215 

Sunderland 

170 

Wicomico 

100 

Penholoway 

70 

Talbot 

42 

Pamlico 

25 

In  places  prominent  scarps  separate  these  surfaces,  such 
as  the  Surry  Scarp  shown  in  Figure  5.  Above  it  is  the  Sunderland 
Terrace,  and  above  the  next  higher,  the  Citronelle  Scarp,  lies  the 
Coharie  Terrace.  These  latter  two  (at  least)  swing  parallel  to  the 
north  bank  of  the  Savannah  River  and  extend  to  the  Fall  Line,  suggest- 
ing that  interglacial  stages  produced  estuarine  drowning  of  all  river- 
mouths,  as  is  the  case  today,  the  latest  interglacial. 

The  sedimentary  effects  of  a rising  base  level  usually 
reaches  far  upstream.  Channel  aggradation  and  water-table  rise  took 
place  in  some  cases,  as  indicated  by  terrace  gravels  adjacent  to  Clark 
Hill  Reservoir.  On  the  south  Saluda  River  are  gravels  as  much  as 
100  ft  above  modern  river  grade  (Haselton,  1974),  and  similar  tempor- 
ary fills  must  have  occured  in  the  area  of  Richard  B.  Russell  Dam. 

They  are  more  likely  to  have  occured  during  the  early  interglacials 
than  later,  when  the  sea  had  retreated  because  of  uplift.  The  oldest 
gravel  (100  ft)  on  the  South  Saluda  is  in  an  advanced  state  of  weather- 
ing, and  reworked  gravel  seen  on  the  shore  of  Clark  Hill  Reservoir  is 
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a residual  of  only  the  quartz  gravels,  all  other  rock  types  having 

I 

disintegrated.  The  implied  antiquity  associates  such  river  terraces 
with  the  earliest  coastal  terraces.  In  the  vicinity  of  Richard  B. 
Russell  Reservoir,  inspection  of  topographic  maps  provided  sugges- 
tions of  two  terraces,  one  of  which  is  continuous  with  two  terraces 
at  the  Clark  Hill  Reservoir.  Their  ages  or  correlations  with  coastal 
features  is  unknown. 

7a.  At  an  arbitrary  reference  position  about  10  miles  upstream  of 
the  Richard  B.  Russell  damsite,  the  Piedmont  surface  stands  at  ele- 
vation 575.  The  highest  terrace  is  at  about  505,  the  lowest  at  395, 
and  the  modern  river  bed,  325.  Stress  changes  can  be  computed  using 
the  stage-volume  curve  of  Figure  1 and  the  assumption  that  the  slopes 
developed  similar  to  the  present  slopes  so  that  the  eroded  volume  is 
proportional  to  the  depth  of  cutting.  When  the  valley  was  70  ft  deep 
(575-505),  its  volume  was  70/270  x 21%  z 1%  or  19  ft  (average)  eroded, 
reducing  effective  stresses  by:  ACez  = -22  psi  and  A6ex  =.  -9  psi. 

The  corresponding  cooling  effect  was,  on  the  average:  Atfex  = -2  psi. 
The  resulting  uplift,  15.5  ft,  reduced  effective  stress  by:  A5ex  z 
-5  psi.  The  falling  water  table,  70  ft  in  the  valleys  and  about  20 
ft  on  divides,  provided  an  average  fail  of  45  ft  for  a change  of 
effective  stresses:  A<5ez  z A5ex  i +19  psi. 

7b.  The  second  incision, to  terrace  levei  395  ft,  involved  180  ft  of 
total  erosion  below  the  Piedmont  surface  (575  - 395).  The  volume  was 
180/270  x 27£  18*  or  49  ft  average,  for  total  changes  of  effective 

stress:  A6”ez  = -56  psi  and  A£ex  = -24  psi,  and  net  changes:  k&z  = -34 
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psi  and  Afex  - -lb  psi.  The  cooling  due  to  incision  from  the 
575  to  the  395  ft  terrace  level  changed  stress  by:  AA"ex  3 -6  psi 
and  the  net  changes  A6ex  * -4  psi.  Uplift  was  40  ft  which  altered 
stress  bys  Afiex  » -14  psi  for  a net  change  of:  A<5ex  = -9  psi.  The 
falling  water  table,  180  ft  in  the  valleys  and  about  50  ft  on  the 
divides  averaged  115  ft  for  effective  stress  changes;  A6”ez  = Adex  = 
+50  psi  which  translate  to  net  changes:  A5ez  = A5ex  = +31  psi. 

7c.  The  complete  incision  and  valley-cutting  to  today's  configura- 
tion produced  a total  stress  change  of  73  ft  average,  for  effective 
stress  changes:  /\6e z = -84  psi,  A5ex  = -36  psi  and  net  changes  from 
the  395  ft  terrace  to  the  325  ft  stream  level:  ASez  = -28  psi  and 
Adex  r -12  psi.  The  cooling  due  to  73  ft  of  erosion  was:  A (Tex  = 

-9.5  psi  producing  a net  effect  of  A<<ex  = -3.5  psi.  The  total  uplift 
of  60  ft  would  change  stress  by:  /kTex  = -21  psi  with  a net  effect 
of  Adex  s -7psi.  Water  table  elevations  have  fallen  from  the  Pied- 
mont surface  level  by  250  ft  at  streams,  and  about  100  ft  on  divides, 
for  an  average  potential  change  of  175  ft,  changing  stress  by:  A<S"ez 

Adex  = +76  psi  and  a net  change  of:  AAez  = ASex  = +26  psi. 

8a.  Stream  alluviations  indicated  by  gravel  remnants  were  of  uncer- 
tain depths.  Assuming  a fill  of  100  ft  of  gravel  in  a canyon  to  illus 
trate  what  may  have  happened  between  incisions,  it  can  be  shown  that 
its  effect  on  total  stress  is  far  less  than  are  the  changes  brought 
about  by  100  ft  of  incision,  because  alluviation  is  restricted  to 
the  canyon  bottom,  like  a dense  reservoir. 

If  we  assume  the  ancient  topography  to  be  similar  to  the 
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modern  topography,  but  more  subdued,  it  can  be  estimated  that  100 
ft  of  fill  in  the  valley  was  like  8%,  or  18  ft  over  the  watershed. 
Allowing  for  its  density,  such  loading  changed  effective  stresses  by: 
A6ez  = +16  psi  and  Mex  = +7  psi.  The  corresponding  heating  is  dif- 
ficult to  estimate,  but  is  believed  very  small  because  the  alluvial 
fill  contains  flowing  groundwater  at  essentially  the  mean  annual 
temperature.  The  subsidence  would  be  6.5  ft,  producing  stress  changes 
of:  &<5ex  s +2  psi.  The  grounowater  discharge  levels  would  rise  100 
ft,  producing  50  ft  potential  change  at  depth:  Atfez  =•  Atfex  = -22  psi. 
8b.  Subsequent  removal  of  the  alluvium  would  remove  those  transient 
loads. 

An  unusual  feature  of  the  Savannah  River  (Kilpatrick,  1964) 
is  the  apparent  absence  of  channel  fills  that  record,  on  most  rivers, 
structural  or  sedimentological  interruptions  of  bedrock  incision,  or 
steep  tributaries.  The  present  Savannah  River  gradient,  about  2.7 
ft/mile,  is  apparently  steeper  than  required  to  transport  the  sediment 
carried.  It  is  probably  oversteepened  by  tectonic  tilting. 

The  load  that  will  be  imposed  by  the  full  pool  of  Richard  S. 
Russell  Reservoir,  at  water  surface  elevation  474,  is  the  sum  of  the 
deadweight  and  the  pore  pressure  change,  but  no  thermal  effect  nor 
isostatic  subsidence  is  expected  because  the  time  span  is  too  short. 
The  reservoir  volume,  1.9  x 10  acre-ft  spread  over  the  0.5  x 10  acre 
watershed,  is  only  a 4 ft  load,  changing  effective  stresses  by: 

A<5ez  = + 2 psi,  Adex  * 1 psi.  The  ground-water  discharge  potential 
will  be  raised  125  ft  (at  the  reference  point),  and  the  average  po- 

Appendix  1 

45  Of  57 

Section  E 


Table  I - Summary  of  Effective  Stress  Changes  (psi) 


jtep  No.  AtTez  (Vertical)  j A<5ex  (Horizontal) 

Age  (Approximate) 

V R P 

1 Increments  ' Cumulative  I Increments 

; ! 0 I 

Cumula  tive 
0 

85  x 10* post  mid- 
Cretaceous 

2 

r if  -r  . 

-602 

65  x 10‘ 
end  Cretaceous 

3 

-1346  j -327 

+ 504  -1753  ! -578 

| -152 

1 +504 

-1155 

26  x 104 
end  Oligocene 

5 x 10* 


-22 

- 9 l 

I i 

+19  1 

- 2 

: J 1.  X 10* 

! . - 5 i 

I ! Aftonian 

+ 19  1 

-1253 

(?) 




! -22 

-1263 

-16 

! - 7 

i 

+22 

-1913  j - 2 

j 130,000 

+22 

-1250 

-28 

1 -12 

+26 

-1915  j - 3 

| 10,000 

- 7 

+ 26 

-1246 
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tential  change  at  depth  will  be  raised  about  62  ft,  changing  effec- 
tive stresses  by:  tS&ez  - _££ex  s -27  psi. 

Figure  4 illustrates  the  changes  of  effective  stresses  most 
significant  to  the  question  of  reservoir-induced  seismicity.  The 
Pleistocene  history  of  river  incision  tended  towards  failure,  i.e., 
the  Mohr's  circle  of  stresses  shifted  progressively  towards  the  fail- 
ure envelope;  consequently,  at  least  a modest  level  of  seismicity  due 
to  fault  slippage  may  have  prevailed  since  Pliocene  time  wher.  the 
alluvial  cover  was  stripped.  Intermittent  valley  alluviations  pro- 
bably stimulated  greater  seismicity,  followed  during  river  degradation 
by  diminished  seismicity.  The  decreases  of  effective  stresses  predic- 
ted to  result  from  reservoir  filling  are  numerically  more  significant 
than  the  latest  geomorphic  changes.  They  indicate  that  conditions 
are  appropriate  for  induced  seismic  enhancement.  No  threshnold  of 
prior  stress  conditions  exists. 
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1.  Comparison  of  the  proposed  Richard  B.  Russell  Reservoir  with 
other  Piedmont  reservoirs  does  not  provide  clear-cut  reasons  to  pre- 
dict that  the  proposed  one  will  be  especially  seismic,  nor  does  it 
indicate  why  one  (Hartwell)  should  be  evidently  aseismic,  another 
(Clark  Hill)  weakly  seismic  or  delayed  in  reservoir  response,  and  a 
third  (Jocassee)  evidently  produces  swarms  of  low-magnitude  (M<4) 
quakes  in  its  immediate  area. 

2.  Richard  B.  Russell  Reservoir,  like  Clark  Hill  and  Hartwell,  will 
alter  the  state  of  effective  stresses  in  the  adjoining  and  underlying 
rock  in  a direction  tending  to  foster  failure  by  fault  slippage  under 
pre-existing  tectonic  stresses.  The  changes  of  stresses  attributable 
to  natural,  pre-reservoir  geomorphic  events,  such  as  Pleistocene  river 
incision,  have  also  been  unfavorable;  therefore,  the  natural  seismicity 
is  a logical  consequence  of  the  history  of  the  region  and  the  reser- 
voir will  tend  to  increase  the  local  seismicity. 

3.  Experience  with  numerous  seismogenic  reservoirs  suggests  that 
shocks  can  be  expected  to  occur  witf  greater  frequency,  and  at  closer 
proximity  to  the  reservoir  than  would  have  been  the  expectation  derived 
from  the  history  of  naturally-occuring  earthquakes  in  the  region. 

There  is  scant  evidence  (except  Koyna)  that  the  maximum  probable 
quake  may  exceed  the  expectation  of  natural  events,  nor  is  there 
reason  to  predict  earthquake  swarm  activity. 
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IN 


TO, 


DEPARTMENT  OF  THE  ARMY 

WATERWAYS  EXPERIMENT  STATION  CORPS  OF  ENGINEERS 
P O BOX  631 

VICKSBURG.  MISSISSIPPI  39180 


WESSH 


17  February  1977 


MEMORANDUM  FOR  RECORD 

SUBJECT:  Comments  on  Report  Entitled  "Induced  Seismicity  at  Richard  3. 

Russell  Reservoir"  Submitted  by  Dr.  David  T.  Snow  to  the 
Savannah  District 


1.  Dr.  Snow  draws  together,  by  complicated  deductive  processes,  infc-rma 
tion  from  several  disciplines  to  attempt  a numerically-based  assessment 
of  the  possibility  of  induced  seismicity  at  the  Richard  B.  Russell  site. 
I am  unable  to  accept  his  determination  as  being  scientifically  substan- 
tiated to  the  extent  necessary  to  project  an  enhanced  seismicity  at  the 
site,  or  indeed  any  change  at  all. 


2.  In  his  process.  Dr.  Snow  calculates  effective  stress  changes  from 

ci.1*  : : r ' ~n\~  CC*“C».iw  * Oil  30*  3 L C "X'Oo  85  ~ — 

his  report  he  says:  "There  is  some  doubt  about  the  magnitudes  and 

direction  of  in  situ  principle  (sic ) stresses"  (page  J , line  t).  This 
is  indeed  the  crux  of  the  matter.  The  near-past  seismic  history  f the 
site  is  a function  of  stress  as  it  now  exists,  assuming  slow  changes 
with  time.  Since  the  concern  is  cited  to  be  the  change  in  effective 
stress,  only  the  current  state  of  stress  and  the  influence  of  reserv  ir 
filling  on  the  stress  state  need  be  considered  (assuming  that  the  cur- 
rent stresses  may  be  defined  reliably). 


3.  In  the  same  light,  it  must  be  noted  that  regional  increases  in  pcre 
pressure  must  have  already  taken  place  due  to  the  impoundment  of  reser- 
voirs both  up  and  immediately  downstream.  These  do  not  appear  to  have 
altered  the  stresses  at  the  site  sufficiently  to  induce  seismicity  at. 
the  site.  Hence,  the  magnitude  of  proposed  stress  change  should  incor- 
porate the  existing  pore  pressures,  which  tend  to  lower  the  incremental 
change  attributed  to  the  project  reservoir. 


**.  Indeed,  when  the  incremental  stress  change  is  put  into  proper  f ~us 
by  a comparison  with  stresses  which  might  exist  at  dept':,  under  the  re:  er 
voir  (see  Incl  1 to  MFR  by  Don  Banks  dated  17  February  1977,  subject  as 
above),  the  stress  change  is  relatively  insignificant.  If  .seismicity 
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WESSH  17  February  1977 

SUBJECT:  Comments  on  Report  Entitled  "Induced  Seismicity  at  Richard  B. 

Russell  Reservoir"  Submitted  by  Dr,  David  T.  Snow  to  the 

Savannah  District 

were  to  be  changed  significantly  due  to  this  stress  increment,  the 
region  would  have  to  be  existing  at  a stress  level  of  incipient  failure, 
which  would  tolerate  no  buildup  of  strain  energy  in  the  region  due  to 
a continuous  stress  relief,  i.e.  failure.  One  could  argue  that  only 
small  events  could  occur  in  this  case,  and  that  reservoir  filling  would 
be  easily  accommodated  without  a significant  (damaging)  event.  Such  an 
incipient  failure  condition  might  also  be  reflected  in  a high  rate  of 
micro-seismic  activity  in  the  area,  before  or  after  the  filling  of  adja- 
cent reservoirs,  a condition  not  obviously  apparent  at  the  site.  In  this 
light  I wonder  if  any  worry  at  all  need  be  expended  related  to  stress 
changes  of  the  order  hypothesized.  Referring  to  the  author's  figure  4, 
the  change  in  maximum  shear  stress  between  the  pre-  and  post-filling 
states  is  essentially  zero,  and  the  corresponding  change  in  required 
strength  (<j>)  to  accommodate  the  changed  stress  condition  is  small,  i.e, 

< 1 to  2 deg.  Such  orders  are  not  within  our  ability  to  determine  and 
would  exist  within  the  scatter  of  test  data  (although  his  assumed  30  deg 
may  be  low ) . 

5.  Figure  4,  though  intended  to  be  illustrative,  is  misleading  in  that 
it  shows  a failure  envelope  to  exist  near  the  hypothetical  stress  cir- 
cles. This  is  incorrect  since  stresses  shown  are  stress  changes  from 
some  unknown  stress  condition  which  might  have  existed  85  million  years 
past,  and  the  absolute  position  of  current  stresses  on  a plot  of  this 
nature  is  unknown.  Hence,  no  relationship  may  be  reasonably  established 
between  a possible  failure  condition  for  the  material  and  a "change"  of 
stress  due  to  reservoir  filling  on  this  basis. 

6.  Dr.  Snow  is  complimented  for  his  effort  to  establish  a conceptual 
framework  by  which  possible  seismicity  might  be  examined.  I do  not 
feel  that  his  concepts,  however  appropriate,  are  sufficient  to  support 
a conclusion  regarding  induced  seismicity  by  quantitative  means  at  this 
point  in  time. 

7.  I suggest  that  world-wide  evidence  indicates  that  induced  seismicity 
is  unusual,  i.e.,  several  hundred  quiescent  reservoirs  versus  about  30 
with  possible  activity.  Experience  within  the  Piedmont  would  also 
support  this  argument;  a necessary  but  not  sufficient  condition. 

8.  In  summary.  Dr.  Snow's  report  does  not  serve  to  adequately  substan- 
tiate conclusions  regarding  either  the  possibility  of  or  lack  of  induced 
seismicity  at  the  site  and  is  not  considered  to  be  a useful  document  at 
this  time.  It  represents  an  attempt  to  apply  a largely  unproven  concept 
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to  a practical  situation,  unsuccessfully  for  practical  purposes.  Speci- 
fic comments  are  attached  (Incl  l). 
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1.  Page  5,  line  5:  What  is  seismic  history?  Has  incidence  or  intensity 

increased?  Negative  or  positive  contribution  to  present  assessment? 

Size  of  Russell  Reservoir  compared  with  "larger  and  deeper?" 

2.  Page  5,  line  8:  How  true!  This  statement  almost  totally  reflects 

on  the  present  effort  to  assign  ±25  psi  changes  in  o as  being  too  fine 
an  edge  to  hone. 

3.  Page  6,  item  (3):  What  is  the  basis  for  selection  of  Poisson's 

ratio  = 0.3? 

4.  Page  7'  line  1:  What  relative  degree  of  seismicity  is  delineated 

by  "a  degree  of?"  Also,  generalizing  the  existence  of  stresses  near 
"critical  for  failure"  requires  more  evidence  than  presented, 

5.  Page  7,  line  4:  There  is  indeed  doubt  regarding  existing  a and 

orientation  thereof  which  essentially  renders  later  stress  change  cal- 
culation to  be  of  no  (quantitative)  value,  and  possibly  of  little  quali- 
tative value.  As  pointed  out  by  Don  Banks,  why  guess  at  changes  of  a 
over  85  million  years  when  you  don't  know  what  the  initial  o were  to 
which  these  changes  of  stress  should  be  applied.  A better  substantiation 
of  the  hypothesis  would  be  to  determine  current  in  situ  stresses,  over- 
coring  or  whatever,  and.  see  what  the  reservoir  does  to  these. 

6.  Page  7,  line  9-19:  Is  this  a strong  argument? 

7.  Page  8,  line  1:  The  spacial  distribution  of  pore  pressure  increase 

is  likely  to  be  very  site-dependent. 

8.  Page  8,  line  l4-l6:  Very  tentative;  I would  say  that  balance  of 

evidence  (say  several  hundred  reservoirs  versus  approximately  30) 
suggests  induced  seismicity  to  be  unusual  circumstance. 

9.  Page  8,  last  line:  See  statement  regarding  page  7,  line  4. 

10.  Page  20,  last  paragraph,  first  four  lines:  Casts  doubt  on  actual 

validity  '©f  study. 
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WES  SR 


17  February  1977 


MEMORANDUM  FOR  RECORD 

SUBJECT:  Comments  on  Report  Entitled  ''Induced  Seismicity  at  Richard  B. 

Russell  Reservoir"  Submitted  by  Dr.  David  T.  Snow  to  the 
Savannah  District 


1.  I have  always  been  impressed  by  the  deductive  reasoning  advanced  by 
geologists  in  pursuing  their  studies.  The  reasoning  embodies  a great 
breadth  of  experience,  careful  observations,  critiques,  understanding  of 
the  important  conclusions  of  previous  and  contemporary  investigators, 
and  most  importantly  a careful,  well-documented  logic  that  leads  to 
substantiated,  well-grounded  conclusions.  Perhaps  the  most  overwhelming 
impression  obtained  by  reading  the  subject  report  is  that  a conclusion 
was  reached  and  references,  either  in  the  form  of  reports,  personal 
communication,  or  by  mathematical  logic,  were  invoKed  wnenever  necessary 
or  convenient,  whether  applicable  or  not,  to  lead  to  these  conclusions. 

In  particular  (quoting  from  Conclusions ) "Comparison  of  the  proposed 
Richard  B.  Russell  Reservoir  with  other  Piedmont  reservoirs  does  not 
provide  clear-cut  reasons  to  predict  that  the  proposed  one  will  be 
especially  seismic..."  (agreed  that  is  the  primary  purpose  of  the 
detailed  seismological  study  being  pursued,  but  the  question  remains, 
what  facts  have  been  discovered  by  the  present  study  to  establish  a 
reason  to  suspect  the  Richard  B.  Russell  Reservoir  will  produce  detri- 
mental seismic  activity?).  (Again  quoting  from  Conclusions ) "Richard  B. 
Russell  Reservoir  ...will  alter  the  state  of  effective  stresses  in  the 
adjoining  and  underlying  rock  (agreed)  in  a direction  tending  to  foster 
failure  by  fault  slippage  under  pre-existing  tectonic  stresses  (to  be 
proved).  The  changes  of  stresses  attributable  to  natural. .. events .. .have 
also  been  unfavorable,  therefore,  the  natural  seismicity  is  a logical 
consequence  of  the  history  of  the  region  and  the  reservoir  will  tend  so 
increase  the  local  seismicity  (I  don't  believe  this  was  substantiated  by 
the  study).  (Again  quoting  from  Conclusions  ) "There  is  scant  evidence 
(except  Koyna)  that  the  maximum  probable  quake  may  exceed  the  expecta- 
tion of  natural  events,  nor  is  there  reason  to  predict  earthquake  swarm 
activity."  I believe  the  proper  statement  should  be  "No  evidence  was 
produced  to  indicate  a maximum  probable  quake,  induced  from  reservoir 
loading,  will  exceed  the'  expectation. . .etc. ... " The  references  to  Koyna 
Reservoir  in  the  report  show  no  relationship  to  the  Richard  B.  Russell 
Reservoir . 
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2.  Perhaps,  to  me  at  least,  the  most  difficult  point  of  the  report  to 
accept  is  the  method  used  to  arrive  at  the  change  in  stresses  beneath 
the  proposed  reservoir. 

3.  In  reference  to  illustrations  A and  B and  the  ensuing  calculations, 

the  following  comments  are  offered:  Invoking  Archimedes'  Law  to  obtain 

a relation  between  erosion  or  alluviation  of  material  ana  the  uplift  or 
subsidence  of  a free  floating  body  is  correct  in  certain  contexts  such 
as  the  quoted  case  of  an  iceberg.  My  main  question  is,  however,  what  is 
the  analogy  of  an  iceberg  and  basement  rocks  at  Richard  B.  Russell?  If 
the  analogy  is  accepted,  the  law  should  be  followed  consistently.  For 
example,  why  does  the  material  in  the  crustal  depth,  D,  exhibit  one  mass 
density  below  sea  level  and  another  above?  Far  more  important,  however, 
why  was  the  analogy  "stopped"  and  the  theory  of  elasticity  suddenly 
invoked?  If  h is  the  depth  to  a point  beneath  sea  level,  then  the 
vertical  stress  at  a point  inside  the  "iceberg"  is  y^h^  +yQ(h)  and  at  a 
point  outside  the  "iceberg"  is  y (h) . After  erosion  the  vertical  stress 
inside  the  "iceberg"  isy^h^,  +Y2(h)  and  at  a point  outside  the  "iceberg" 
isy  (h).  Since  the  law  is  for  a body  in  a fluid,  the  horizontal  stress, 
isy^h  both  within  and  without  the  "icebers." 

It  seems  to  me  that  geologic  considerations  are  certainly  more 
complex  for  the  area  (for  example,  see  chapters  on  Tectonic  Evaluation 
and  Geomorphic  Evaluation)  than  implied  by  the  use  of  Archimedes'  Law. 
Certainly  faulting,  folding,  orogeny,  etc.,  have  influenced  and  altered 
the  stress  changes  in  a far  more  complex  manner  than  implied. 

5.  In  reference  to  calculations  summarized  on  Table  I the  following 
comments  are  offered.  The  calculational  exercise  must  have  been 
interesting,  but  what  does  exercise  prove?  No  estimate  is  available 
concerning  the  state  of  stress  predating  the  Cretaceous  period.  If  such 
state  of  stress  had  been  known  and  the  area  acted  like  an  "iceberg"  then 
calculation  of  the  changes  in  stress  to  arrive  at  the  present  state  or 
stress  might  have  some  meaning.  In  the  absence  of  such  knowledge  it 
would  be  more  appropriate  to  estimate  the  present  state  of  stress. 
Certainly  this  estimation  is  difficult  and  probably  impossible,  but 
clouding  the  issue  with  a set  of  calculations  showing  stress  changes  from 
Cretaceous  time  is  not  desirable. 

6.  The  point  of  the  objection  is  illustrated  as  follows:  Let  us,  for 

the  sake  of  argument,  calculate  the  effective  stress  at  a point  10,000  ft 
beneath  the  reservoir. 
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Assume  y 


= 165  lb/ft : 


y . =65  lb/ft0 

water 

Then  Oy  = (10,000)  (165-65 ) /lU4  = 6950  psi 


Assume  K =0.5 
o 


Then  = 3^75  psi 


The  change  in  stresses,  as  estimated  by  Snow  is 

Oy  = 25  psi  net  decrease 
= 26  psi  net  decrease 

When  these  stresses  are  plotted  on  the  attached  figure  (Incl  1)  a 
different  picture  results  than  that  portrayed  on  Figure  i of  the  subject 
report.  It  is  true  that  the  net  decrease  in  effective  stress  causes  a 


shift  in  the  Mohr's  circle  toward 


assumed  but  unsubstantiated  failure 


envelope  defined  by  an  angle  of  internal  friction  of  0 = 30  deg.  but  in 
no  way  does  the  exercise  imply  that  induced  seismicity  will  be  a conse- 
quence of  the  filling  of  the  Richard  B.  Russell  Reservoir. 

7.  Figure  U is  completely  misleading  and  should  not  be  used  in  any 
publication  concerning  Richard  B.  Russell  Dam  and  Reservoir. 


1 Incl 


DON  C.  BANKS 
Engineer 

Chief,  Engineering  Geology 
and  Rock  Mechanics  Division 


Mr.  Earl  Titcomb,  Savannah  District 
Dr.  James  Erwin,  SAD 
Mr.  Paul  Fisher,  0CE 
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to  WESSR  17  February  1977 


MEMORANDUM  FOR  RECORD 

SUBJECT:  Comments  on  Report  Entitled  "Induced  Seismicity  at  Richard  B. 

Russell  Reservoir"  Submitted  by  Dr.  David  T.  Snow  to  the 
Savannah  District 


1.  Dr.  Snow's  model  is  that  of  a cumulative  relief  of  effective 
stresses  produced  by  removal  of  the  geological  section  from  the 
Cretaceous  (approximately  100  million  years  ago)  to  the  present.  The 
stress  changes  are  those  resulting  from  erosion,  temperature  change,  and 
isotatic  adjustment.  Dr.  Snow  states  that  these  factors  produce  a 
decrease  of  vertical  stress  in  excess  of  the  decrease  in  horizontal 
stress.  The  small  stress  changes  resulting  from  the  above  processes  are 
superimposed  on  the  regional  tectonic  stresses.  Unspecified,  high, 
horizons’ll  ,'*orrr>>,oc'‘ricn  i z cl 3 curried. 

2.  Dr.  Snow  postulates  that  an  increase  in  pressure  from  weight  in  a 
reservoir  decreases  effective  stresses  in  rocks.  He  postulates  also 
that  these  decreases  more  than  offset  the  increase  of  effective  stresses 
resulting  from  deadweight  of  water,  an  assumption  that  is  not  supported 
in  his  analysis. 

3.  Along  a fault,  a decrease  in  effective  stresses  in  rocks  reduces  the 
resistance  of  the  fault  to  slippage.  If  the  reduction  is  below  a criti- 
cal level,  movement  is  triggered  and  an  earthquake  is  produced.  Dr.  Enow 
states  that  reservoir- induced  changes  in  effective  stress  extend  to 
about  3 km  below  the  surface  and  several  km  laterally  from  the  reservoir. 

1*.  If  I understand  Dr.  Snow's  paper  correctly,  he  postulates  a cumula- 
tive residual  effect,  in  terms  of  stresses,  for  all  strata  removed  over 
a period  of  100  million  years,  that  is,  dating  back  to  the  upper 
Cretaceous.  Dr.  Snow  cites  2,270  ft  of  uplift  and  erosion  at  the  Russell 
site  since  the  mid-Cretaceous  and  that  the  topography  is  now  only  425  ft 
lower  than  formerly.  Not  cited  is  the  horizontal  motion  that  this 
portion  of  the  crustal  plate  underwent  in  the  same  period  of  time.  its 
movement  was  seme  thousands  of  miles.  In  addition  to  major  compressive 
effects,  there  were  periods  of  relaxation.  In  the  Triassic,  grabens  and 
basins  were  formed  and  were  filled  with  sediments.  These  processes  may 
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have  induced  internal  changes  in  the  section  that  affect  density  and 
load  as  great  as,  or  possibly  more  than,  the  cited  effects  of  erosion. 

In  any  event,  an  analysis  should  begin,  not  with  postulations  of  past 
geologic  history,  but  with  assumptions  of  stress  for  the  present  condi- 
tions only  and  then  allow  for  the  addition  of  a reservoir. 

5.  The  hinge  line  that  Dr.  Snow  places  at  the  boundary  of  the  Coastal 
Plain  is  also  a simplification,  and  perhaps  too  great  a simplification. 
That  hinge  line  forms  a fixed  demarcation  that  encompasses  the  entire 
geological  section.  Hinge  lines  move  through  time.  As  a basin  develops, 
its  hinge  line  typically  moves  outward  in  order  to  allow  for  the  enlarge- 
ment of  the  basin.  Thus  the  postulations  based  on  a fixed  hinge  line 
may  be  subject  to  other  interpretations. 

6.  Dr.  Snow's  model  assumes  that,  in  the  Russell  area,  there  are  only 
compressional  forces,  those  that  produce  earthquakes  by  activating 
thrust  faults.  Sei sinological  studies  of  microearthquakes  (earthquakes 
so  small  that  they  are  recorded  only  by  instruments)  near  the  Clark  Hill 
Reservoir  show  exactly  the  opposite.  The  microearthquakes  were  produced 
by  normal  faults. 

7.  Dr.  Snow  observed  that  there  is  a disparity  in  the  occurrence  of 
earthquakes  at  the  existing  reservoirs  along  the  Savannah  River.  The 
Hartwell  and  Keowee  Reservoirs  have  no  microearthquakes;  however,  micro- 
earthquakes have  occurred  at  the  Clark  Hill  Reservoir. 

8.  There  have  been  two  felt  earthquakes  in  the  Clark  Hill  area.  The 

first  was  in  1875,  long  before  there  was  a reservoir.  The  second  was  in 
197*+  after  the  Clark  Hill  reservoir  had  been  in  operation  for  21  years. 
Because  of  the  time  of  occurrence  of  the  first  earthquake  and  the  long 
time  interval  between  filling  of  the  reservoir  and  the  occurrence  of  the 
second  earthquake,  both  earthquakes  must  be  interpreted  as  having 
occurred  independently  of  the  reservoir.  They  were  produced  by  regional 
tectonism.  The  microearthquakes  that  occurred  following  the  197^  earth- 
quake at  Clark  Hill  have  the  following  characteristics:  they  are 

predominantly  shallow,  only  a few  kilometers  below  the  surface,  and  they 
do  not  define  atfy  single  fault,  rather,  they  define  an  elliptical  zone 
of  faults.  The  forces  that  produced  the  microearthquakes  were  inter- 
preted by  Talwani,  using  the  seismic  records,  as  tensionai.  In  combina- 
tion, the  microearthquakes  form  a seismic  "hot  spot." 

9.  Geologically,  the  general  area  of  the  Clark  Hill  and  Russell 
Reservoirs  is  composed  of  northeast  to  southwest  trending  bands  or  zones 
of  varying  lithologies.  The  seismic  hot  spot  at  Clark  Hill  is  approxi- 
mately at  a boundary  between  two  lithologic  zones  and  the  long  axis  of 
the  hot  spot  parallels  the  boundary. 
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10.  Compressional  and  tensional  forces  may  work  together  in  the 
Piedmont.  One  can  visualize  a situation,  akin  to  that  of  a glacier, 
where  there  is  flow  at  depth  through  a process  of  plastic  deformation  in 
which  the  forces  are  compressional.  Near  the  surface,  the  glacier  is 
shattered  with  fissures  and  crevasses  representing  conditions  of 
tension.  The  contrast  is  there  because  motion  is  not  uniform  through 
the  section.  Similarly,  lateral  motions  in  zones  of  rocks  in  the 
Piedmont  may  be  taken  up  by  a sort  of  plastic  flow.  Adjacent  rocks  with 
dissimilar  properties  of  deformation  may  not  deform  in  concert.  The 
nondeforming  material  may  then  behave  as  a brittle  substance  and  shatter 
producing  microearthquakes  within  a narrow,  shallow  zone  akin  to  the 
crevasse  areas  of  a glacier.  At  depth,  the  rock  may  deform  plastically 
and  not  be  active  seismically. 

11.  A model,  similar  to  that  described  above,  would  explain  the  hot 
spot  of  seismicity  at  Clark  Hill.  It  would  explain  the  shallow, 
isolated  character  of  the  hot  spot  and  the  absence  of  hot  spots  at  other 
areas,  notably  at  the  nearby  Hartwell  Reservoir. 

12.  If  the  above  concept  of  a hot  spot  is  valid,  the  model  is  self- 
limiting  with  regard  to  the  maxi  trim  earthquake  that  car  be  generated  ir. 
a hot  spot.  The  dispersal  of  movement  along  a zone  of  snallow  faults 
presupposes  a dispersal  of  the  energy  available  for  earthquakes, 
therefore,  there  will  not  be  a buildup  to  a very  large  earthquake. 

13.  The  local  situation  described  above,  or  other  possible  interpreta- 
tions, were  not  addressed  by  Dr.  Snow  and  perhaps  cannot  be  addressed 
using  his  method.  Dr.  Snow's  analysis  for  a compressional  condition 
showed  that  earthquakes  would  be  induced.  For  a tensional  situation, 
earthquakes  should  be  Inhibited.  From  this  limited  standpoint,  the 
earthquakes  at  Clark  Hill  are  the  opposite  of  what  would  be  expected 
from  the  interpretation  of  Dr.  Snow. 

14.  Dr.  Snow  concludes  that,  "There  is  scant  evidence  (except  Koyna) 
that  the  maximum  probable  quake  may  exceed  the  expectation  of  natural 
events...."  On  the  basis  of  Dr.  Snow's  report,  there  is  no  evidence 
rather  than  "scant."  A maximum  earthquake  for  the  Richard  B.  Russell 
site  was  taken  to  be  magnitude  5-5.  This  value  was  endorsed  by  the 
seismological  and  geological  consultants  to  this  project,  Drs.  L.  T.  Lon 
Pradeep  Talwani,  0.  W.  Nuttli,  and  D.  E.  Siemmons.  Dr.  Snow  was  also  a 
member  of  this  group  and  agreed  to  the  same  maximum  value  for  the 
earthquake . 
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Russell  Reservoir"  Submitted  by  Dr.  David  T.  Snow  to  the 
Savannah  District 

15.  Dr.  Snow's  report  was  commissioned  with  the  expectation  that  he 
would  use  the  most  advanced  art  to  review  and  speculate  upon  the 
processes  affecting  induced  seismicity  in  this  portion  of  the  Piedmont. 
Unfortunately,  his  report  is  technically  deficient. 


E.  L. 


nsMi 

KRINITZ! 


Supv  Geologist 
Engineering  Geology  and 
Rock  Mechanics  Division 


CF: 

Mr.  Earl  Titcomb,  Savannah  District 
Dr.  James  Erwin,  SAD 
Mr.  Paul  Fisher,  OCE 
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A 


of  Induced  Seismicity 
Richard  J.  Russell  Reservoir 
by  David  T.  Snow 

. Nineteenth-century  geologists  deduced  from  the  paleontologic 
record  of  periodic,  widespread  annihilation  of  species  that  there 
have  been  distinct  tectonic  events,  world-wide  catastrophes  that 
folded,  faulted  and  uptilted  the  sediments  and  built  mountains. 

It  appeared  from  the  thick  sequences  of  basin  sediments,  with 
continuously-evolving  organisms,  that  tectonism  was  absent  between 
orogenic  events.  Until  very  recently,  modern  geologists  have 
retained  the  corollary  notion  that  the  stresses  necessary  to 
produce  faults  or  folds  have  likewise  been  periodic.  Laboratory 
evidence  that  rocks  creep  during  geologic  time  suggested  that 
the  mountain-building  stresses  must  die  out  soon  after  each 
"revolution" . 

If  there  is  nothing  else  that  proven  cases  of  induced 
seismicity  have  taught  us,  it  is  the  fallacy  of  the  old  notions: 
high  stresses  persist  long  after  the  failure  events.  In  Colorado, 
increased  pore  pressures  of  the  order  of  1000  psi  have  been 
sufficient  to  cause  earthquakes  at  Denver  and  Rangely,  releasing 
elastic  energy  attributable  only  to  "tectonic"  stresses  that 
have  not  produced  signif icantstructures  since  the  Cretaceous 
Laramide  "revolution".  Similar  statements  car.  be  made  for 
reservoirs  associated  with  earthquake  swarms  and  devastating 
earthquakes  equal  to  the  greatest  natural  magnitudes  experienced 
(Kremasta,  Greece;  Bileca,  Yugoslavia;  bake  Mead,  Nevada)  or  in 
some  cases,  greater  magnitudes  than  ever  (Koyna,  India;  Kariba, 
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Rhodesia) . In  some  cases,  the  reservoi r- induced  quakes  were 
produced  in  areas  thought  to  be  aseismic,  lacking  active  faulting, 
as  at  Kariba  and  Koyna.  In  most  of  these  cases,  including  Denver, 
Kremasta,  Koyna,  Kariba  and  Bileca,  prior  earthquakes,  however 
infrequent,  did  occur  , attesting  to  sufficient  stress  for 
failure,  at  least  locally.  This  lead  the  writer  (1968b), *to 
conclude  that  the  most  likely  state  of  stress  in  any  region  of 
earthquakes  or  recent  faulting  is  of  a magnitude  critical  to 
failure  on  some  fault (s)  present,  i.e.  that  stress  is  commonly 
governed  mainly  by  strength,  a function  of  depth.  Whereas 
orientations  of  pre-failed  slippage  surfaces  must  be  significant 
in  some  places,  such  ancient  complexly  faulted  rocks  as  the 
Precambrian  of  the  Colorado  Front  Range  have  such  diverse  fault 
orientations  that  one  can  safely  assume  that  for  large  regions, 
a fault  at  the  critical  orientation  exists.  Particularly  where 
erosion  in  the  late  geologic  history  has  reduced  confinement, 
the  stresses  have  had  to  be  relieved  by  earthquakes,  so  that 
the  mass  has  remained  near-critical,  thus  prone  to  failure  upon 
decrease  of  effective  stresses,  such  as  reservoir  filling  or 
injection  wells  produce. 

The  above  theory,  perhaps  unprovable,  is  yet  more  palatable 
than  the  old  notion  that  earthquakes  are  capricious  phenomena 
beyond  our  ken.  In  a general  way,  the  earthquake  release  of 
stress,  the  resulting  fault  slip  directions  and  regional  crustal 


‘References  are  found  in  the  subject  report  on  R.B.  Russell 
Reservoir , otherwise,  new  references  are  listed  following  this 
paper . 
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deformation  taking  place  must  all  be  consistinqly  related  to  the 
state  of  stress.  Nowhere  can  one  find  thrust  faulting  adjacent 
to  contemporary  faulting,  or  a change  of  such  character  with 

I 

depth  involving  an  exchange  of  direction  of  and  y However, 
normal  faulting  and  wrench  faulting  co-exist  in  the  Basin  and 
Range  where  u and  are  equal  along  vertical  NNE-striking  planes. 

The  above  does  not  preclude  the  existence  of  rock  volumes 
bounded  by  faults  that  have  failed  or  that  are  critical  for 
failure,  within  which  stresses  are  below  the  critical  levels.  In  such 
volumes,  measuring  meters,  kilometers  or  even  hundreds  of 
kilometers,  it  may  require  large  changes  of  pore  pressure  to 
produce  failure,  because  the  stress  in  such  a strong  inclusion 
is  limited  by  the  strength  on  bounding  faults.  Within  present 
capabilities,  no  amount  of  field  geology  is  going  to  be  adequate 
to  define  the  volume  boundaries  or  the  magnitude  of  a safety 
threshold  that  might  exist.  Rather,  it  is  best  to  assume  a thin 
margin,  treating  each  circumstance  conservatively. 

Would  we  have  to  say,  then,  that  all  reservoirs  being  planned 
are  potentially  seismic,  since  they  all  must  raise  basement 
pore-pressures,  locally,  at  least?  No,  that  is  not  correct. 

There  are  regions  of  geologically  recent  alluviation,  such  as 
the  SE  portion  of  the  Basin  and  Range,  where  seismicity  is  rare, 
and  deep  basin  alluviation  has  increase!  conf inement  on  faults 
dipping  beneath  them.  Further,  there  are  circumstances  of 
hydrologic  isolation , where  a reservoir  will  add  to  effective 
stress.  If  intervening  confining  beds  and/or  the  basement 


daylights  elsewhere,  pore  pressures  will  not  be  raised.  Thus 
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These  notions  have  been  expounded  by  the  writer  in  prior 
publications  (1972).  There  is  no  pretence  of  a complete  theory, 
satisfying  all  our  needs.  Rather,  cont inued  attempts  to  understand 
seismicity  under  given  circumstances,  by  people  of  divergent 
background  and  inclinations,  is  especially  important  for  the 
study  of  induced  seismicity  because  there  are  doubtless 
unrecognized  variables  and  effects  that  bear  on  the  prediction 
process.  Empiricism  will  never  suffice.  No  agency  is  able  to 
shut  off  inquiry  into  the  subject,  but  the  Corps  can  stimulate 
or  postpone  attainment  of  design-worthy  methods  according  to  its 
treatment  of  such  reports  as  the  R.B.  Russell  evaluation. 

Criticism  can  be  constructive. 

The  following  paragraphs  refer,  by  number,  to  paragraphs 
of  the  February  17,  1977  comments  of  Mr.  Don  C.  Banks. 

1.  The  facts  discovered  by  the  study  were  summarized  in 
the  statement,  quoted  from  the  conclusions,  namely,  "Richard 

B.  Russell  Reservoir  will  alter  the  state  of  effective 

stresses  in  a direction  tending  to  foster  failure  ". 

Proof  was  offered  (Snow,  1972)  that  in  steady-state^  a reservoir 
on  a homogenious  porous  medium  would  decrease  effective  stresses, 
and  that  such  a change  is  essential  for  all  stress  environments; 
normal,  wrench  or  thrust-fault.  An  inf initely-extensive  reservoir 
of  uniform  depth  would  increase  total  vertical  stress  by  the 


same  amount  as  it  increases  pore  pressure,  but  horizontal 

effective  stress  decreases  in  that  case.  Filling  a canyon 

reservoir,  like  a well  in  continuity  with  its  formations,  does 

not  appreciably  increase  total  stresses  in  low-porosity  basement 

rocks,  but  both  effective  stresses  decrease  by  the  amount  of 
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pore-pressure  rise  in  the  environs.  All  reservoir  conf igurat ion; 

lie  between  these  two  extremes. 

Since  the  Cretaceous,  gradually-decreasinq  effective  stresses 

over  geologic  time  were  demonstrated  to  have  occurred  at  the 

R.B.  Russell  Reservoir  area.  On  page  43  of  the  report  is  a 

description  of  Pleistocene  effects  shown  in  Figure  4 that  tended 

to  drive  stresses  towards  failure.  The  greater  decreases  of 

o ^ and  attributable  to  the  mid-Cretaceous  to  Pleistocene  (6b) 

history,  also  tended  toward  failure  during  most  of  that  period, 

as  noted  in  conclusion  No.  2, 

( ontinuing  decreased  stresses  in  the 

weakened  crust  are  implied  by  the  erosional  unloading,  consequentl; 

retaining  criticallity  and  seismicity  because  thrust  faulting 

was  active  early  in  that  time  span. 

in  the  Mohr  diagram,  the  absolute  stress  magnitude  is 

unspecified  because  it  is  unknown;  only  changes  are  significant. 

The  changes  are  presumed  to  be  the  same  at  all  depths,  whereas 

the  magnitudes  increase  with  depth  in  a way  that  maintains  the 

circle  of  stresses  near-tangent  to  the  failure  envelope.  This 

is  the  working  assumption  previously  stated:  stresses  at  all 

levels  approach  failure  if  current  or  recent  earthquakes  or 

other  evidence  of  deformation  by  brittle  failure  are  in  evidence. 

Thus  the  report  did  substantiate  the  conclusion  that  the 

natural  seismicity  is  a logical  consequence  of  the  history  of 

the  region,  and  that  the  reservoir  will  tend  to  increase  the 

local  seismicity.  What  the  report  did  not  substantiate  is  the 

theory.  Any  reader  should  have  a healthy  skepticism  for  a 

mechanical  model,  however  logical,  whose  real-world  counterpart 
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cannot  yet  be  proved  to  exist.  It  will  be  a multi-million 
dollar  project  to  prove  the  theory  of  the  mechanism  of  induced 
seismicity,  involving  insitu  strength  tests  and  numerous  deep 
piezometers  and  stress  meters  at  great  depths  below  a filling 
reservoir.  Until  then,  prediction  has  to  remain  an  art. 

The  theory  suggested  is  at  best  qualitative,  resulting  in 
a fail/no  fail  conclusion.  It  says  nothing  about  the  size  of 
the  surface  that  fails,  the  displacemnt  upon  it,  nor  the 
resulting  earthquake  magnitude.  For  such  important  predictions, 
only  our  experiences  at  seismic  reservoirs  pertains:  in  some 
cases,  filling  a reservoir  has  been  followed  by  an  anomolous 
swarm  of  quakes  in  the  immediate  vicinity.  The  induced  quakes 
are  equal  to,  or  greater  than  recorded  natural  events  in  the 
region.  The  Koyna  quake  of  December  10,  1967,  exceeded  anything 
occurring  in  peninsula  India  in  over  600  years  of  history.  The 
induced  quakes  at  Kariba  were  greater  than  ever  experienced  in 
the  Zambezi  Trough,  but  not  greater  than  have  been  recorded  in 
other  parts  of  the  African  Rift  system.  The  Hsinfengkiang 
(China) , and  Kremasta  quakes  have  probably  been  equal  to  the 
greatest  natural  events.  In  most  such  cases,  instrumental 
pre-reservoir  records  are  inadequate  for  quantitative  evaluation. 

The  Board  of  Consultants  for  seismicity  evaluation  of 
Richard  B.  Russell  Reservoir  adopted  a design  quake  of  magnitude 
5.5,  equivalent  to  the  maximum  recorded  historical  Piedmont 
quake,  translated  to  the  reservoir  site.  The  near-field 
vibrational  spectrum  imposes  accelerations  of  0.5  g on  the 
R.B.  Russell  structures,  far  greater  than  the  design  shaking 
(0.15  to  0.20  g)  included  in  any  previous  Piedmont  designs, 
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including  several  nuclear  reactors.  The  writer  endorsed  the 
M = 5.5  quake  as  conservative  and  properly  prudent,  in  view  of 
the  unfavorable  change  of  seismic  conditions  that  will  be 
produced  by  the  R.B.  Russell  Reservoir:  the  maximum  historical 

Piedmont  quake  could  be  translated  in  place  and  time  to  the 
reservoir  site.  The  writer  does  not  find  adequate  reason  for 
invoking  a greater  induced  quake  at  the  site,  e.g.,  a Charleston 
quake  of  magnitude  7-  is  deemed  ' unlikely  as  a response  to 
reservoir  loading.  Unfortunately,  the  theory  advanced  is 
inadequate  for  that  purpose  and  the  empirical  approach  is 
inconclusive.  Only  Koyna  has  generated  a quake  in  excess  of 
the  natural  maximum  experience.  Neither  of  the  adjacent 
reservoirs,  Clark  Hill  and  Hartwell,  have  produced  anything 
unusual  in  the  Piedmont,  nor  have  they  produced  the  usual  prompt 
swarm  activity  the  way  Jocassee  Reservoir  has  done.  It  may 
be  true  that  Clark  Hill  has  influenced  seismicity  by  causing 
the  August  2,  1974  quake  to  take  place  closer  in  time  and  place 
than  would  naturally  have  happened.  Conclusion  3 states  that 
idea  succinctly. 

2.  Mr.  Banks’ review  does  not  specify  which  of  the  methods 
used  to  compute  stress  changes  are  unacceptable  to  him,  so  I 
can  address  only  those  mentioned  in  subsequent  paragraphs. 

3.  The  applicability  of  isostacy  to  basement  rocks  at 
the  Richard  B.  Russell  area  is  questioned.  The  fact  that  the 
crust  is  continuous,  rather  than  composed  of  discrete  blocks, 
does  cloud  the  picture,  though  it  doesn't  change  the  physics 
of  the  uplift-subsidence  phenomenon.  One  density  above  sea 
level,  and  another  density  below  sea  level  is  an  objection  well 
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taken,  and  corrected  in  the  following  replacement  paye  for 
illustration  A.  The  effect  is  a minor  change  (1%)  of  coefficients, 
not  enough  of  a change  to  warrent  altering  the  rest  of  the 
report . 

The  theory  of  isostatic  rebound  that  I have  developed  is 
in  accord  with  the  theory  of  isostatic  compensation  advanced 
by  Sir  George  Bidell  Airy  in  1955,  namely,  "that  blocks  of  the  earth's 
crust  are  floating  in  a relatively  dense  plastic  material, 
usually  called  magma  or  sima.  The  excess  of  mass  corresponding 
to  high  blocks  is  compensated  for  by  a displacement  of  the  denser 
plastic  magma...."  (Jakosky,  1950,  p.  261). 

When  uplift  of  one  portion  of  the  continuous  crust  occurs 
relative  to  a subsiding  adjacent  part,  the  motions  must,  on 
the  average,  be  radial  to  the  earth.  Thus  a tangential  extension 
accompanies  uplift,  and  vice-versa.  Elasticity  is  invoked  to 
convert  the  strain  to  stress.  This  approach  was  suggested  by 
Haxby  and  Turcotte  (1976)  , and  developed  by  the  writer  in  a 
lecture  at  WES  on  April  28,  1976.  The  derivation  is  shown  on 
Illustration  A,  attached. 

4.  This  comment  reflects  possible  problems  in  setting 

geologic  events  clearly  in  their  chronology.  The  uplift  and 

subsidence  events  deduced  from  the  Coastal  brain  stratigraphy 

were  all  post-Late  Cretaceous,  whereas  the  Paleozoic  and  Mesozoic 

structural  events,  such  as  faulting,  folding,  orogeny,  etc. 

mentioned  in  Banks'  review  all  preceeded  the  Tertiary  uplift 

events.  As  pointed  out  on  page  18,  thrust-faulting  has 

persisted  at  least  until  late-Eocene  time.  Stresses  may  have 

remained  so  oriented  until  the  present,  as  suggested  by  stress 
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measurements  throughout  eastern  U.S.A.  Until  Recent  or  Late- 
Tertiary  faults  other  than  thrust  faults  are  discovered,  it  is 
deemed  mechanically  inconsistent  with  the  facts  to  presume 
that  there  has  been  a change  of  stress  configuration  since  the 
Late  Eocene.  To  be  sure,  at  any  instant,  an  elastically 
anisotropic  medium,  inhomogeneous  and  cut  by  various  failure 
surfaces,  does  not  have  within  it  a homogeneous  stress  field. 
However,  if  does  possess  a degree  of  consistency;  the  major 
and  minor  compression  directions  are  not  likely  to  reverse, 
and  any  other  important  deviations  from  the  average  stress 
orientations  are  apt  to  be  local.  It  is  inconceivable  that 
stresses  are  capricious  in  place  and  time.  They  must  make 
mechanical  sense. 

5.  The  question  posed  in  paragraph  5 has  been  answered, 
namely,  that  stresses  at  the  time  of  latest  faulting  were 
critical,  they  have  changed  adversely  si. ice  then,  probably 
resulting  in  continued  stress  release,  so  they  are  likely  to 
be  critical  for  failure  now,  at  least  in  some  places  that 
govern  the  stress  field.  Any  adverse  change,  such  as  a rise 
of  pore  pressure,  can  induce  earthquakes  if  the  change  takes 
place  in  a critical  place.  There  is  no  hope  or  need  for  absolute 
measures  of  stress,  either  now  or  in  Late  Cretaceous.  If  varies 
with  depth  anyway.  The  strength  we  know  only  in  a general  way, 
like  a 30^-  envelope.-  To  be  sure,  better  failure  criteria 
are  attainable,  but  no  one  is  getting  such  data  for  hypocentral 
depths . 

An  estimate  of  the  present  state  of  stress  can  be  made, 
but  atvastly  great  cost  than  was  entailed  in  this  brief  study; 
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Haimson  did  deep  hydrofrac  stress  measurements  at  Rangely  to 


show  that  the  water-flood  experiment  did  alter  effective  stresse 


so  as  to  induce  or  shut  off  earthquakes  at  will.  Such  work  may 
become  standard  for  proposed  reservoirs,  but  the  writer  believes 


these  may  fail  because  most  mildly  seismic  areas  will  prove  to 


Better,  more  comprehensive  theory  is  needed,  not 


measurments  of  uninterpretable  stresses,  whose  precision  is 


inadequate  to  the  task  of  predicting  failure  in  a medium  whose 


strengh  properties  are  only  approximately  known 


6.  The  calulations  shown  in  item  6 may  pertain  to  shallow 


soils  and  to  rare  recently-deposited  rocks.  The  Black  Hills  of 


South  Dakota  give  an  elastic,  gravity  field.  Elsewhere,  in  eastern 


U.S.  and  much  of  the  world,  ' 


and  ■ , is  horizontal 


Range  Province,  a and 


Mr.  Banks  has  assumed  K 


observed  tectonic  component,  as  is  necessary  for  thrust  faulting 


Presently  o is  most  likely  to  be  horizontal  still,  in  response 


to  base  shear  of  a westward-flowing  mantle  current  rafting 


North  America  westward  away  from  the  Atlantic  Rift.  Until 


plate  motion  changes,  it  probable  will  remain  so  directed 


no  possible  failure,  but  that  is  not  how  it  is  today  on  the 


eastern  seaboard.  The  small  changes  of  stress  to  be  caused  by 


Richard  B.  Russell  Reservoir  would  be  harmless  under  a gravity 


recommends  the  scaleless  Figure  4 as  most  representative  of 


what  exists  at  all  places  and  depths,  and  shows  how  the  induced 


Appendix  1 
10  Of  "10 
Section  C. 


-11- 

and  historical  stress  changes  are  likely  to  influence  stability. 

The  following  paragraphs  are  in  response  to  Dr.  McLean's 
review. 

1.  This  is  a sweeping  rejection  of  the  numerical  approach 
to  the  assessment  of  induced  seismicity,  on  the  grounds  that  the 
theory  is  unsubstanci ated . Unfortunately,  proof  will  entail 
field  testing  of  stresses  at  depths  currently  accessable  only 
by  hydro! racing  techniques,  at  costs  that  would  run  to  millions. 

The  theory  is  not  sufficiently  advanced  to  warrent  it,  because 
it  remains  incomplete:  badly  needed  is  a notion  that  may 

ultimately  be  translated  into  predicted  quake  magnitudes;  until 
then,  the  theory  only  goes  so  far  as  to  suggest  whether  or  not 
failure  by  fault  slippage  may  be  expected.  A first  step  in 
theory  substancia tion  should  be  the  installation  of  a deep(2-km) 
piezometer  to  record  the  pore  pressure  transient  that  follows 
filling  of  some  new,  large  reservior.  This  would  be  to  substanc  late 
that  pore  pressure  transients  reach  significant  depths. 

At  least  a large  part  of  the  theory  will  be  vindicated 
in  time.  For  example,  the  writer  observed  in  1968  that  the 
coincidence  of  normal  faulting  and  wrench  faulting  in  the  Dixie 
Valley  quake  site  could  only  be  possible  if  o 1 ~ '2  = overburden 
at  all  crustal  depths,  and  o is  northwesterly.  In  1970,  a 
Colorado  School  of  Mines  graduate  student,  John  Ege,  commenced 
a program  of  stress  measurement  using  overcoring  and  hydrofracing 
in  seven  tunnels  in  Ranier  Mesa,  Nevada  Test  Site.  This  year, 

Ege  finished  his  dissertation,  proving  that  the  stress  state 
is  just  as  anticipated,  and  that  stress  levels  are  as  close  to 
sliding  failure  on  pre-existing  faults  as  precision  of  stress 
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and  strength  measures  can  tell.  The  stresses  are  limited  by  the 
pattern  of  pre-existing  faults. 

2.  Dr.  McLean  states  the  crux  of  the  matter  is  the  uncertainty 
about  the  current  state  of  stress.  It  is  not  the  crux  at  all; 
one  may  assume  a stress  condition  for  thrust- faulting  ( ^ vertical) 
or  for  wrench-faulting  'e  „ vertical)  or  in  most  cases  (dependent 
on  v and  <J>)  for  normal  faulting  (c . vertical).  Given  a late 
histroy  of  seismicity,  decreases  of  effective  stress  drive  the 
Mohr  circle  towards  failure  in  all  three  cases.  Maintenance 
of  critici  llty,  by  unloading,  or  by  raising  the  water  table  in  the 
pre-reservoir  history,  is  usually  going  to  be  sufficient  to 
predict  enhanced  seismicity  when  the  reservoir  is  filled.  The 
predication,  though  rational,  may  prove  false  in  given  localities 
because  there  may  be  undisclosed  variables  operating  to  prevent 
failure,  e.g.  the  reservoir  may  overlie  rock  bounded  by  weak 
faults  zones,  between  which  the  boundary-limited  stresses  are 
subcritical  for  failure. 

If  it  is  concluded,  as  have  the  reviewers,  that  the  present- 
day  stress  alone  has  relivance,  and  thus  the  history  of  stress 
is  insignificant,  the  only  apparent  approach  to  prediction  is 
measurement  of  stress,  strength  and  hydraulic  potential.  At 
this  moment,  inadequate  precision  seems  an  insurmountable 
obstacle  to  success.  Perhaps  methods  of  measurement  can  be 
improved.  Because  of  their  great  expense  an  economical  search 
for  independent  evidence  of  stress,  stress  changes  or  criticallity 
should  preceed  a measurement  program  costing  millions,  and  tests 
should  be  interpretated  in  their  historical-tectonic  context. 

The  subject  report  on  Richard  B.  Russell  Reservoir  has  attempted 
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Equating  the  mass  of  the  columns, 
buoyed  by  the  mantle: 

2.8D  = 2 . 8 (D-e)  + 3.4U 
3.4U  = 2 . 8e 
U = . 82e 
e = 1.2U 


The  change  of  elevation: 
h2-h1  = U-e  = - . 18U 

Both  the  vertical  and  circumferential  strains 
produced  by  vertical  (radial)  uplift  are  U/a, 
a being  the  radius  of  the  earth.  Applying  Hook's 
Law  for  uplift  alone,  AOy=0  & Aox=Ac>z 
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.34U  psi,  where  uplift  is  in  ft. 
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2.8D  + 3.4S  = 2.8D  + 2 . 1A 
S = . 62A 

If  S>0  is  a known  subsidence,  in  ft, 

A o = . 34S  psi. 
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to  do  this  from  a meager,  remote  data  base,  such  as  stress  at 
Jocassee  Reservoir,  100  miles  away. 

3.  The  point  has  already  been  made,  by  Stanley  Johnson, 
that  Hartwell  and  Clark  Hill  Reservoir sconst itute  ideal  prototype- 
scale  tests  which  have  proved  negative  in  respect  to  induced 
seismicity.  The  subject  report,  in  addition,  notes  the  apparent 
seismicity  induced  by  Lake  Jocassee  and  the  lack  of  it  at  Keowee. 

It  is  clearly  prudent  to  seek  geologic  reasons  for  such  differences, 
if  the  behavior  of  R.B.  Russell  is  in  question.  Is  75%  unlikely 
an  adequate  measure? 

Basement  pore  pressures  have  been  raised  by  the  neighboring 
reservoirs,  up-and-downstream  of  Richard  B.  Russell,  but  the 
increase  due  to  those  reservoirs  acting  in  the  vicinity  of  the 
intermediate  location  must  have  been  nil  because  of  remoteness 
(Russell  occupies  37  miles  of  the  Savannah  River)  and  especially 
because  of  anisotropy;  pore  pressures  propagate  much  farther 
along  strike  than  up-and-downstream. 

4.  Part  of  item  4 has  been  answered  in  response  to  Mr. 

Banks ' comments . Indeed,  the  changes  of  effective  stress  are 
minute  and  in  many  places,  such  changes  are  probably  insignificant, 
producing  no  seismicity  because  greater  thresholds  would  have 

to  be  overcome.  In  other  places  or  after  other  geologic  events 
that  similarly  change  stresses,  the  threshold  can  be  so  low 
that  modest  reservoirs  can  induce  failure.  Just  how  failure  is 
produced  depends  upon  the  detailed  behavoir  of  fault  zones, 
including  dilatational  effective  stress  changes,  stick-slip 
effects  that  locally  alter  the  thresnold  that  must  be  overcome 
for  renewed  failure  to  take  place.  It  is  clearly  not  an 
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infinitesimal  process  that  would  produce  only  microearthquakes. 

No  comfort  can  be  taken  from  the  realization  that  reservoir- induced 
stress  changes  are  so  small  that  they  can  hardly  be  measured. 

Such  changes  have  released  huge  stores  of  elastic  energy  at 
Kremasta,  Kariba,  Koyna  and  others,  and  we  must  deal  with  such 
minute  changes. 

In  the  years  since  1968,  when  papers  concerned  with  the 
Denver  earthquakes  first  came  to  attention,  many  seismologits 
have  become  well-versed  in  elementary  rock  mechanics.  The 
converse  is  less  true:  geologists  have  not  been  as  quick  to 
learn  pertinent  seismology.  Even  at  the  first  important 
conference  on  induced  seismicity  held  in  1972  at  the  Royal 
Society,  most  seismologists  could  not  understand  the  equivalent 
of  Figure  4,  believing  erroneously  that  shear  stress  is  the 
criterion  of  rock  failure.  We  cannot  communicate  in  this 
business  without  Mohr's  theory. 

With  •'espect  to  variations  of  strength,  within  which  the 
estimated  changes  portrayed  by  Figure  4 can  operate  without 
failure,  no  <f-angle  can  be  computed.  The  changes  themselves 
are  absolute,  the  same  at  all  levels,  but  because  the  point 
of  tangency  is  at  higher  stresses  for  greater  depths,  the 
corresponding  angular  change  diminishes.  The  observation  in 
paragraph  4 is  moot. 

5.  McLean  objects  to  the  fundemental  premise  of  the 
evaluation;  as  a segment  of  continental  crust  is  shaved  thinner 
by  erosion,  stresses  would  rise  but  for  the  strength  limitations 
of  ubiquitous  faults.  Unless  a major  change  takes  pla^  e in 
mantle  circulations,  or  there  is  a shift  of  the  portion  of  that 
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segment  upon  the  mantle,  diminishing  strength  as  the  crust  grows 
thinner  assures  criticallity  and  continued  seismicity.  No 
absolute  state  of  stress  at  any  depth  is  needed  to  pursue  the 

I 

evolution  of  the  rock  beneath  a reservoir;  only  the  changes, 
and  in  normal-fault  cases,  the  friction  angle.  The  reader  is 
referred  to  the  author's  1972  publication. 

Insofar  as  the  writer  has  taken  over  10  years  to  become 
convinced  of  the  soundness  of  the  notions  involved,  it  comes 
as  no  suprise  that  a brief  inspection  may  not  suffice  to  be 
convincing.  The  conscientious  reader  cannot  easilly  rest  when 
it  is  pointed  out  that  there  are  things  misunderstood  upon  first 
inspection.  Full  cooperation  is  always  available  if  requested. 

The  writer  stands  to  benefit,  as  well. 

6.  Further  comment  on  paragraph  6 and  8 would  be  a reminder 
that  the  report  made  no  firm  assurance,  offered  no  proof  that 
the  Richard  B.  Russell  Reservoir  would  produce  a damaging 
quake,  though  it  may.  All  it  said  is  that  conditions  are  ripe 
for  induced  seismicity,  so  cautious  design  is  approprate.  The 
decision  of  the  Board  of  Consultants  to  approve  a near-field 
spectrum  for  the  dam  is  an  approprately  prudent  result  of  the 
findings . 

7.  There  are  several  reservoirs  associated  in  time  and 

place  with  such  swarms  and  unusual  high-magnitude  events  as  to 

leave  no  doubt  in  some  minds  that  a relationship  exists.  The 

Corps  of  Engineers  cannot  afford  to  rest  on  the  rareity  of  such 

reservoirs.  What,  for  instance,  was  the  cause  of  the  Charleston 

quake?  Was  it  late-Pleistocene  coastal  submergence  that  trigqered 

it?  An  aftershock  (?)  studied  by  Tarr(1976)  was  a thrust-faultinq 
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event.  Whatever  the  stress  configuration  may  have  been  in  1886, 

the  same  configuration  must  still  prevail.  Because  a stress  field 

must  be  continuous  in  sense  though  not  uniform  in  direction 

throughout  even  an  inhomogeneous  elastic  basement,  the  same 

stress  field  is  likely  to  exist  in  the  Piedmont.  We  have  no 

answer,  except  a weak  body  of  statistics  on  reservoirs,  to 

the  question,  "What  is  to  prevent  another  Koyna-like  major  quake?" 

Dr.  McLean  has  enumerated  a page  of  specific  comments,  to 

which  responses  are  made  below: 

Item  I:  The  question  is  unclear  to  the  writer,  but  if  it 

asks  what  has  been  the  history  of  induced  seismicity,  one 

might  refer  to  publications  of  Maurice  Major,  or  Ruth  Simon 

(1968,1969)  indicating  over  3000  instrumental  quakes  and  300-odd 

felt  quakes  in  a couple  of  years  northeast  of  Denver,  where 

formerly  there  had  been  one  felt  quake  (M  = 6.7  ?,  1882)  in  all 

history.  Refer  to  Guha,  et.  al,  (1974)  who  have  published 

a list  of  25,000  quakes  in  several  years  of  observations  at 

Koyna,  India,  including  the  M = 7 event  of  December  10,  1967. 

That  quake  severely  damaged  the  gravity  dam,  forming  a horizontal 

crack  below  water-level  at  a change  of  section  formed,  as  at 

Hartwell  Dam,  when  the  height  was  changed  in  mid-construction. 

In  short,  induced  seismicity  has  been  known  to  increase  both  the 

incidence  (frequency)  and  intensity  of  quakes. 

In  the  context  of  the  summary  of  Piedmont  reservoirs  by 

Severy  et.  al.  (1975) , Clark  Hill  and  Russell  are  among  the 

class  of  "larger  and  deeper",  have  had  more  nearby  quakes  than 

the  lesser  reservoirs.  Lake  Anna,  Virginia  is  the  reference 

size,  305,00  acre-feet,  13,000  acres,  maximum  depth  21  m. 
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Item  2:  To  be  sure,  25  psi  stress  changes  are  small 

compared  to  the  2-10,000  psi  range  of  total  stresses  that  must 
be  acting  in  the  hypocentral  depth  range  of  interest.  Injection 

) 

well  quake  stimulations  at  Denver,  Rangely,  and  Attica,  N.Y. 
were  by  changes  on  the  order  of  1,000  psi,  but  reservoir 
stimulations  have  been  effected  by  changes  computed  to  have 

been  9_2 psi  at  Kremasta,  44 psi  at  Kariba  and  68  psi_ 

at  Koyna , as  examples  of  the  thin  margins  of  strength  apparently 
acting.  Such  small  threshold  margins  existing  are  consistant 
with  computed  stress-drops,  on  the  order  of  100  psi  for  many 
quakes.  The  observed  dispersion  of  natural  earthquakes,  in  time 
and  place,  suggests  that  on  the  great  variety  of  faults  in  a 
given  rock  volume,  there  exists  a range  of  threshold  values,  probably 
on  the  order  of  the  maximum  stress  drop.  Since  reservoirs 
produce  changes  that  are  a fraction  of  the  range,  some  reservoirs 
may  happen  to  stimulate  seismicity  and  others  not,  according 
to  the  state  of  stress  of  the  underlying  volume,  which  may 
typically  be  within  100  psi  or  so  of  failure. 

Item  3:  Because  of  its  importance  in  computing  horizontal 

stress  changes  upon  changes  of  vertical  stress  (see  Snow,  1972) 

that  are  calculable  from  geomorphic  and  hydrogeologic  events, 

Poisson's  ratio  has  been  subject  of  research  by  the  writer 

for  about  5 years.  In  the  course  of  field  study  of  the  Palo 

Verde  Nuclear  Plant  Site  Arizona  (unpublished  report  to 

Fugro,  Inc.,  July,  1974),  it  was  found  that  v = .38  for 

basement  rock  in  the  Basin  and  Range,  because  otherwise,  the 

deeply-alluviated  portions  of  the  province  would  be  more  active 

seismically  than  they  are,  compared  to  the  youthful,  active 
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western  portion  of  the  province.  Analytical  work  conducted  for 
the  U.S.  Geological  Survey  under  Contract  14-32-0001-1255 
utilized  finite-element  models  of  fractured  masses  in  plane-strain, 
incorporating  representative  properties  of  normal  and  shear 

I 

stiffness  for  fracture  sets  cutting  rock  at  various  dip  angles, 
to  compute  lateral  stress  changes.  The  continuum-equivalent 
mass  would  have  Poisson's  ratios  of  0.25  to  0.59  to  account  for 
the  effects,  such  as  wedging. 

Item  4:  A translation  of  "a  degree  of  seismicity"  might 

be  "there  is  some  seismicity".  The  wording  was  intentionally 
chosen  to  convey  indefinite  measures  of  frequency,  magnitudes, 
etc,  but  to  indicate  certainty  that  failure  is  taking  place. 

Ruling  out  source  mechanisms  other  than  fault  slip  with  resulting 
elastic  rebound,  sliding- failure  regions  are  stressed  accordingly 
critical  in  magnitude  and  direction,  specifically  "on  some 
pre-existing  fractures",  not  all.  No  better  evidence  can  be 
expected:  insitu  stress  and  strength  measure  would  be  poorer 
proof  of  criticallity. 

Item  5:  Response  to  Dr.  McLean's  paragraph  2,  above,  will 
not  be  repeated  here.  If  the  logic  is  fully  understood  and  still 
remains  unacceptable,  then  a search  for  a wholly  new  approach 
to  induced  seismicity  should  be  initiated.  Any  constructive 
. suggestions  will  be  avidly  devoured. 

Item  6:  The  argument  in  lines  9-19  of  page  7 of  the  report 

can  be  summarized,  "upon  examing  the  conflicting  evidence,  the 
writer  prefers  the  assumption  that  high  horizontal  compression 
exists".  Typical  of  earth-science  data,  a value- judgement  has 
to  be  made  of  each  source  of  data.  The  conflicting  evidence  of 
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normal  and  wrcnch-fault  focal-plane  mechanisms  at  Clark  Hill  has 
been  questioned  elsewhere,  in  reviewing  Talwani's  1976  paper 
for  the  attorneys  for  the  Corps  (letter  of  December  13,  1976). 

Item  7:  Basement  pore-pressure  changes  may  conceivably 

range  from  zero  (as  in  the  case  of  the  aquiclude  separating 
the  reservoir  from  the  underlying  pervious  basement)  to  the 
full  reservoir  change  (as  in  the  case  of  dead-ended  conduits, 
like  wells  or  open  faults  in  the  reservoir) . One-half  the 
reservoir  head  is  a defensible  figure  to  approximate  conditions 
that  cannot  beknown  without  extensive  field  determinations. 

See  Figure  2. 

Item  8:  Seemingly,  author  and  critic  are  saying  the  same 

thing,  and  neither  statement  is  worth  much. 

Item  9:  The  writer  can  see  no  rewording  that  would  state 

the  concept  more  clearly,  but  would  value  any  suggestion  that 
would  tend  to  avoid  being  misconstrued. 

Item  10:  When  an  investigator  has  the  sense  to  point  out 

alternatives  besides  the  conditions  preferred  because  of 
assembled  evidence, the  valitity  of  the  study  is  improved.  Such 
is  the  effect  of  the  passage  cited,  to  which  Dr.  McLean  finds 
objection.  A fuller  evaluation  of  one  of  the  stress  alternatives 
namely  normal  faulting,  is  included  in  response  to  Dr. 
Krinitzsky's  comments. 

The  following  refer  to  Dr.  Ellis  Krinitzsky's  comments. 

1.  This  paragraph  is  expository  and  requires  no  comment 
by  the  writer. 

2.  Paragraph  2 reflects  a notion  that  dies  hard  among 
geologists,  namely  that  it  is  the  weight  of  a reservoir  that 
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produces  earthquakes . Carder  (1948)  demonstrated  that  I.  tk.  " 


produced  a broad  18  cm  subsidence  depression.  Carder  194  . 
noted  the  relationship  of  earthquakes  to  filling  and  cyclin'. 

Lake  Mead,  Few  recognized  the  former  to  be  a total-sires > 

I 

phenomenon,  the  latter  an  effective-stress  phenomenon.  Gouu.i 
and  Gough  (1973)  perpetrated  the  misconception  with  their 
computation  of  shear  stress  beneath  Kariba  Lake.  Another 
reason  for  dubious  reception  of  the  effective-stress  concept  is 
that  many  still  feel  that  basement  rocks  are  impervious.  Years 
ago,  Secor  (1965)  showed  that  fractures  owe  their  persistence 
with  depth,  to  several  km,  to  pore-pressure  acting  in  them. 

Because  water  is  known  in  mines  at  least  3.2  km  deep,  and  for 
other  reasons,  geological  and  seismological , it  is  apparent  that 
shallow  earthquakes  occur  in  water-saturated  rock,  even  if 
porosity  is  minute.  The  pore-pressure  change  at  several  km 
below  a reservoir  is  a function  of  the  heterogeneity  modifying 
the  potential-distribution  system.  But,  as  explained  on  page 
12  and  Figure  2 of  the  report,  an  average  condition,  especially 
for  rocks  whose  principle  conductivity  is  in  planes  across  the 
reservoir  axis,  is  a symmetric  flow  system  with  half  the  reservoir 
potential  (thus  pressure)  change  expected  at  the  bottom  of  the 
flow  system. 

As  shown  by  Boussinesq,  or  more  effectively  by  Newmark, 
stress  on  a finite  surface  area  is  rapidly  attenuated  with 
depth  and  distance  away.  The  dead-weight  of  a reservoir  has 
an  effect  that  may  readilly  computed  by  superpositon  of 
numerous  ■ point-loads  representing  elements  of  the  water  body, 
as  did  Gough  and  Gough.  For  an  infinitely  extensive  reservoir 
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of  uniform  depth,  the  stress  (vertical)  equals  the  reservoir 
pressure.  A reservoir  spread  throughout  a watershed  by  its 
many  tributary  arms  would  have  a similar  averaged  effect  at 
depths  of  several  km.  In  this  exercise,  the  total  reservoir 
volume  was  assumed  spread  over  the  watershed,  and  dead-weight 
loading  was  thus  computed  as  4 ft  of  water,  i.e.  2 psi  compression. 
Clearly,  it  is  more  beneath  the  deep  end  of  the  reservoir,  and 
less  under  divides.  Earthquakes  may  take  place  where  there  is 
the  greatest  decrease  of  effective  stress,  as  well  demonstrated 
by  the  distribution  of  epicenters  around  Hsinf engkiang  Reservoir 
China  (Chung-kang,  1974).  Shaped  like  a bottle,  the  reservoir 
has  two  narrow  canyon  reaches  separated  by  a large  flooded  valley. 
Because  the  dead-weight  compression  is  small  under  the  canyon 
reaches,  quakes  have  been  concentrated  there,  whereas  the  weight 
of  the  large  water  body  cancelled  the  pore-pressure  effect  under 
it. 

3.  This  seems  a valid  statement,  depending  upon  topography. 

4.  In  this  paragraph  are  statements  suggesting  some 
chronological  confusion.  The  magnetic  stratigraphy  of  the 
Atlantic  sea-floor  volcanics  do  show  at  least  hundreds  of  miles 
of  continental  drifting  since  mid-Cretaceous.  There  has  been 
recorded  only  compression  tectonics  (thrusting)  since  that  time. 

To  be  sure,  changes  in  horizontal  stress  may  well  have  taken 
place  during  drifting.  There  could  have  been  periods  of  sub- 
critical  stress  by  processes  related  to  the  drifting,  changes 

of  base  shear  or  resistance  elsewhere.  When  a tendency  for 

increased  stress  arose,  it  had  to  produce  failure  and  thus 

remained  limited  by  the  strength  of  the  faulted  crust.  The 
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relaxiations  recorded  by  the  Triassic  grabens  preceeded  the 
post-Cretaceous  period  of  interest.  There  is  a good  stratigraphic 
record  of  Tertiary  evolution,  and  it  appears  to  have  been 
continuously  like  the  ear ly-Tertiary , when  there  was  compressional 
faulting . 

Dr.  Krinitzsky  repeats  the  belief  that  one  should  start 
with  assumptions  about  the  current  state  of  stress,  and  then 
analyze  the  effect  of  the  reservoir.  This  has  already  been  done 
(as  illustrated  by  pre-  and  post-reservoir  stress  states  in 
Figure  4).  This  is  a less  powerful  analysis  than  one  which 
also  examires  the  late  historic  changes  for  evidence  of  continued 
criticallity , or  development  of  a threshold  of  safety.  A well- 
thought-out  program  of  insitu  stress  measurement  will  eventually 
be  warranted  for  some  reservoirs,  but  the  cost  will  be  two  to 
three  orders  of  magnitude  beyond  the  present  study. 

5.  The  reviewer  states  that  Dr.  Snow  places  a hinge  line  at 
the  boundary  of  the  Coastal  Plain.  Quite  the  contrary,  no  such 
hinge  nor  assumed  position  was  used.  The  unconformities  shown 
beneath  the  Coastal  Plain  are  in  their  present  positions,  based 
on  well  data,  and  their  prolongations  are  shown  dashed  over  the 
Piedmont.  The  basement  must  have  tilted  as  a unit,  not  bent 
at  the  Fall  Line,  for  the  volumes  of  cut  and  fill,  averaged 
over  the  Atlantic  seaboard,  must  be  nearly  balanced.  Contrary 
to  the  casual  theory  that  hinge  lines  move  outward  towards  the 
continent  as  a basin  subsides,  it  is  apparent  that  the  shore-line, 
a better  demarcation  than  a "hinge",  moved  first  landward  from 
Cretaceous  to  Eocene  time,  since  the  continental  Tuscaloosa  beds 
were  onlapped  by  estuarine  and  neritic  Eocene  beds,  as  shown. 
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Note  that  the  intersection  of  the  base  of  the  Tuscaloosa 
(prolonged)  with  the  base  of  the  Fllenton  lies  20  miles  landward 
ol  the  Fall  Line.  The  base  of  the  Conyaree  intersects  the  Ellenfon 
10  miles  further  east;  the  base  of  the  McBean  intersects  the 
Conqaree  nearly  10  miles  east  of  the  Fall  Line.  Clearly,  the 
shoreline  lias  prcijress i vely  shifted  seaward,  even  to  the  close  of 
the  Miestocene.  No  matter,  the  important  thing  in  this  project 
is  the  correct  representation  of  uplift,  for  which  Figure  5 
suffices  if  modest  precison  is  all  that  is  needed  for  qualitative 
correctness . 

6.  Reasons  for  preferring  a thrust-fault  model  for  the 

Russell  area  have  been  enumerated  already,  in  the  report  and 
rebuttal.  The  objection  raised  in  paragraph,  6,  that  Clark 
Hill  microearthquakes  indicate  normal  faulting,  is,  of  coarse 
debatable.  Talwani's  interpretations  are  inconsistent  and 
tentative.  It  it  illigitimate  to  subdivide  arbitrarily  a scatter- 
diagram  of  compressional  and  tensional  axis  from  a small 

number  of  events  into  two  different  mechanisms.  The  writer's 

feeiing  on  that  interpretation  has  been  borne  out  by  Dr. 

Maurice  Major,  but  the  seismologits  on  the  Board  may  have  other 
views,  better  founded.  There  are  Tertiary  thrust  faults, 
anticlinal  folds  and  compressional  insitu  tests  and  focal-plane 
mechanisms  as  evidence  for  high  horizontal  stresses.  There  are 
noknown  normal  faults  nor  other  evidence  of  extension.  The 
Blue  Ridge  Front  is  a very  debatable  normal  fault-line  scarp. 

7.  No  comment  is  made  on  this  correct  statement. 

8.  Paragraph  8 is  in  agreement  with  the  report.  All 

earthquakes  not  related  to  volcanism  are  probably  due  to 
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regional  tectonism,  including  reservoir-tr iggered  event.,  and 
swarms.  The  McCormick  swarm  may  have  been  independent  of  tin 
reservoir,  or  just  as  well,  its  occurrence,  otherwise  inevitable, 
may  have  been  stimulated  by  increased  pore  pressure  to  take  place 
sooner,  or  closer  to  the  reservoir.  Similar  arguments  may 
pertain  to  the  Aigust  1,  1975  quake  near  roville  Reservoir 
in  California.  Its  normal  fault  is  propagating  now,  toward: 
the  reservoir,  but  its  inception,  8 years  after  filling,  nay 
also  have  been  modified  by  the  regional  piezometi i 
A "hot  spot"  is  a notion  consistent  with  the  idea  i a i ck 
mass  stressed  to  the  limit  of  strength  of  majo'  nuundin  laner 
structures.  Within  such  boundaries,  there  will  be-  a nonun i form 
stress  field  whose  small  stress  range  is  dictated  by  fault 
orientation,  continuity,  filling  materials,  rougl ■ well 

as  the  history  of  failure  releases  with  such  detaileu  poi  ( - 
pressure  effects  as  result  from  varied  dilatation.-  and 
hydrodynamic  recovery  processes. 

9.  Paragraph  9 is  a true  comment. 

10.  The  analogy  of  the  crust  to  a glaciei  has  its  met  its, 
as  well  as  some  objectionable  features.  A more  plastic 
asthenosphere  is  distinct  from  the  brittle,  shallow  crust  where 
quakes  of  interest  have  their  focus.  But  to  have  hoi  u’ontal 
tension  coexisting  with  compression  is  hard  to  < nvision.  I'hc  . 
is  no  relative  motion  of  the  Southern  Appalacian  crust  with, 
respect  to  other  nearby  plate  elements.  In  the  absence  of  ma  or 
fault  movement  since  Miocene,  at  the  latest,  it  looks  as  though 
the  Piedmont  moves  as  a body.  Glacial  cravasses  form  by 
flexure  at  ice-falls  and  by  drag  against  walls.  further, 
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gravity  drives  glaciers,  whereas  continents  are  driven  by  mantle 
convection,  and  compression  is  transmitted  through  the  crust  far 
from  the  site  of  base  shear. 

11.  There  is  room  for  healthy  speculation,  such  as 
paragraphs  10  and  11  contain,  to  explain  the  observed  "hot  spots". 
Neither  explanation  of  Krinitzsky  or  Snow,  is  going  to  be  resolved 
right  away. 

12.  One  consequence  common  to  both  models  is  mentioned  here. 

Krinitzsky  sees  the  maximum  quake  limited  by  the  dispersal  of 
motion  along  a zone  of  relative  movement.  In  Snow's  model, 
quake  magnitude  may  be  limited  by  the  stress  threshold  attainable 
hydraulically.  In  both,  the  scale  of  heterogeneities  may  govern 
magnitudes:  if  the  rock  is  minutely  segmented  by  faults,  perhaps 

according  to  its  age  or  its  prior  experience,  a critically-stressed 
volume  may  not  attain  sufficiant  size,  fault  area  or  volume  for 
large  energy  release. 

13.  An  noted,  such  nuances  are  beyond  present  capabilities; 
all  that  the  writer  has  ever  claimed  is  a criterion  of  failure 
vs.  non-failure.  It  says  nothing  about  the  severity. 

Though  it  is  not  obvious,  the  mechanism  of  stress  decrease 
by  reservoir  filling  works  also  for  normal  faulting.  Recognizing 
the  weak  possibility  of  normal  faulting,  it  was  promised  on  page 
25  of  the  report,  that  the  normal-fault  alternative  would  be 
analyzed.  Failing  to  include  it  in  the  report,  it  is  here  appended.' 

In  normal  faulting  is  vertical,  horizontal.  Since 
vertical  stresses  change  more  than  do  horizontal,  a stress  circle 
shrinks  as  it  shifts  to  the  left.  Whether  or  not  it  moves  closer 
or  farther  from  the  envelope  depends  upon  the  slope,  4> . 
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If 

AC  / ~ V 

^ / t A , 

it  moves  towards  failure  upon  decreased  stress . With  'J- = 30  , 
and  the  circle  tangent,  > 1 /Z 

is  the  fai lure  criterion . As  table  X shows,  from  mid-Cretaeous 
(step  1)  to  end-Miocene  (step  4),  = .665,  so  continued 

normal  faulting  would  have  occurred  (there  is  no  evidence  for  it). 

There  is  a suggestion,  from  clastic  dikes  in  the  Coastal 
Plains,  that  there  was  Mio-Pliocene  (?)  seismicity.  From  that 
time  to  the  present  Ao^  = -8.,  Ao^  = +10.,  so  the  criterion 
fails,  meaning,  there  is  not  good  reason  to  expect  normal  faulting 
today  ijf  stress  had  been  released  by  failure  in  the  Piocene. 

The  filling  of  the  reservoir,  over  rock  currently  failing 
by  normal  faulting,  as  favored  by  Dr.  Krinitzsky,  gives  = -25., 
Aa^  = -26.,  so  failure  would  be  induced,  not  inhibited. 

14.  In  this  pregnant  paragraph,  Dr.  Krinitzsky  objects 
to  the  wording,  "There  is  scant  evidence  (except  Koyna)  that 
the  maximum  probable  quake  may  exceed  the  expectation  of  natural 

events ",  claiming  that  on  the  basis  of  Dr.  Snow's  report, 

there  is  no  evidence,  rather  than  "scant". 

The  analysis  of  data  from  the  site  in  question,  the  Piedmont 
and  adjacent  provinces,  yields  no  evidence,  that  is  true,  but 
the  Koyna  experience  is  still  valid  and  pertinent.  Lacking 
theory  and  data  to  contridict  the  possibilty  that  an  unusual 
quake,  like  the  Charleston  event  of  1886,  could  be  induced  by  a 
new  reservoir,  such  as  R.B.  Russell,  there  must  be  allowance 
made  for  seismic  events  beyond  the  realm  of  events  anticipated 
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only  from  pre-resorvoir  statistics. 

It  is  the  writer’s  belief  that  the  chances  of  an  unusual 
induced  event  are  small.  We  live  with,  and  design  within  such 
hazards.  A flood  that  would  overtop  the  R.B.  Russell  embankments, 
for  instance,  is  accepted  as  a possibility,  reasonably  well 
evaluated  by  a body  of  hydrologic  statistics.  For  an  unusual 
induced  seismic  event,  we  have  poor  statistics.  Only  one  known 
reservoir  among  many  hundreds  in  the  world  has  done  that,  and 
four  on  the  Savannah  have  had  little  seismic  response.  But 
that  small  hazard  must  be  recognized  by  all  concerned,  evaluated 
and  placed  in  proper  prospective.  It  cannot  be  swept  under  the  rug 

The  writer  subscribed  to  adoption  of  a magnitude  5.5  quake 
at  the  damsite  because  it  was  a very  positive,  conservation  design 
precedent.  It  is  the  first  time  that  a major  U.S.  design  agency 
has  translated  to  the  damsite  the  maximum  regional  quake  that 
would  have  occurred  elsewhere  but  for  the  possibility  of 
reservoir-induced  seismicity  of  doubtful  character.  Because  of 
the  conservatism  so  built  into  the  design  earthquake,  the  writer 
feels  that  prudence  does  not  demand  adoption  of  a nearby  quake 
in  access  of  M = 5.5. 

15.  Dr.  Krinitzsky  concludes,  in  concert  with  his  colleagues 
that  the  report  is  technically  deficient.  It  is  obvious  that 
the  deficiency  is  that  it  reaches  two  conclusions  unpalatable  to 
the  Corps  of  Engineers:  1)  Richard  B.  Russell  Reservoir  embodies 

circumstances  that  could  generate  induced  earthquakes,  and  2) 
that  there  is  a possibility,  however  small,  that  the  maximum 
quake  generated  may  exceed  the  maximum  natural  events.  The 
writer  was  commissioned  to  use  the  most  advanced  art  to  review 
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and  speculate  upon  the  processes  affecting  induced  seismicity 
in  that  portion  of  the  Piedmont.  The  report  was  written  with 
the  aid  of  the  most  advanced  techniques,  since  the  writer  is  the 
principle  originator  of  the  art;  indeed  the  art  was  improved  in 
the  process  of  work  in  the  Russell  project. 

It  is  pointed  out  that  the  original  verbal  contract  assured 
the  writer  of  the  services  of  a Savannah  District  geologist, 
who  would  work  out  the  field  relationships  needed  for  the 
analysis,  especially  the  geomorphic  evolution.  With  the  help 
assured,  agreement  was  reached  for  $3000  compensation  for  all 
aspects  of  the  report.  It  developed  that  the  geologist,  William 
Hancock,  was  assigned  other  duties,  so  could  not  do  the  writer's 
bidding,  nor  could  Dr.  Lutton,  who  was  so  requested.  Upon 
lodgement  of  a complaint,  the  writer  was  told  by  Dr.  Krinitzsky 
to  "make  some  simplifying  assumptions  and  proceed  with  the 
analysis".  Unwilling  to  compromise  on  quality  of  workmanship, 
the  writer  worked  essentially  full-time  from  September  through 
December.  The  field  and  literature  work  utilized  all  available 
time  until  November  18,  1976,  and  afforded  only  a month  for 
analysis  and  report  preparation.  It  is  estimated  that  $13,000 
worth  of  time,  materials  and  hired  help  went  into  the  report, 
without  substantial  remuneration  except  the  $3000,  plus  about 
$1000  conveyed  as  preparation  for  board  meetings. 

The  report  is  not  deficient  from  neglect  nor  applied 
expertise.  Its  technical  soundness  will  stand  up  to  scrutiny 
of  unbiased  peers. 
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Figure  4.  Tracing  of  the  accelerograph  record  from  the  Oroville  seismograph  station 
about  2 km  northwest  of  the  dam.  Normal  -fault-. 
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rected  i* »i i time  *l:i t:i  of  the  throe  component-  of  this  record  an-  given  in 

Appendix  W 

Onor no  Motion 

I he  integrated  ground  velocities  and  displacements  corresponding  to  the  three 
components  of  motion  are  shown  respectively  in  Figures  2,  3 and  4.  A three  dimensional 
plot  of  ground  displacement  i<  given  in  figure  .*»  The  integration  has  been  carried  out 
using  Simpson’s  rule  with  a time  increment  of  0 01  second  (Brady,  19(K>). 


Fk..  i Accelerogram  Recorded  at  Block  1 .1  of  K.-vmh  Dam  on  December  11.  1007  a! 

(M-21  LS.T. 


The  maximum  ground  ,vd(j,city  in  longitudinal  component  is  21.19  cm/sec  and  a 
nearly  equal  value  of  2.TpNjyn  sec  in  vertical  component.  The  transverse  component 
has  a lesser  value  of  20.6s  cm, 'sec.  The  maximum  ground  displacement  i-  least  in 
longitudinal  component  and  maximum  in  vertical  component.  The  values  are  13.30 
cm,  21.04  cm  and  2S.N4  cm  corresponding  to  longitudinal,  transverse  ami  vertical 
components.  The  peak  displacements  are  obtained  in  the  first  wave  and  in  the  du- 
ration of  record  considered  there  are  hardly  two  wave- 

The  three  dimensional  plot,  Figure  5,  gives  a general  idea  of  how  a single  particle 
has  moved  during  the  shock. 


Response  Spectra 

Spectral  values  of  displacement  and  velocity  have  been  determined  by  a-  uming  the 
ground  acceleration  to  be  composed  of  short  duration  trapezoidal  pulse*  and  using 
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SECTION  A 


Geologic  Report  on  The  Modoc  Fault  Zone, 
South  Carolina  and  Georgia. 


10  November  1976 


GEOLOGIC  REPORT  ON  THE  MODOC  FAULT  ZONE, 
SOUTH  CAROLINA  AND  GEORGIA 


1.  SUBJECT : Field  Studies  Along  the  Modoc  Fault  Zone  of  South  Carolina 

and  Georgia 

2.  DATE  OF  STUDY:  5-16  August  1976 

3.  PURPOSE  OF  INVESTIGATION:  (1)  Field  evaluation  study  of  the  tectonic 

history  of  Zone  (2)  Examination  of  local  elements  in  the  structural 

geology  and  faulting,  and  (3)  Assessment  of  the  evidence  for  active  faults/ 
faulting. 

4.  PERSON  MAKING  FIELD  STUDY: 

William  E.  Hancock,  Geologist,  SASEN-FG 

5.  PERSONS  CONTACTED  IN  REGARD  TO  OUTSIDE  INFORMATION: 

Timothy  Long,  GA  Technical  Institute,  18  September  1976 
David  Howell,  State  Development  Board,  12  September  1976 

William  Perkle,  Akin  Campus,  University  of  South  Carolina,  13  September  1976 

6.  OBSERVATIONS : 

a.  Detail  mapping  and  transect  was  utilized  in  studying,  examining  and 
assessing  the  Zone.  Figure  1 locates  areas  where  detail  and  transect  obser- 
vations were  made.  The  study  was  conducted  during  the  continuous  period  of 
5-12  August  1976.  Further  work  was  accomplished  during  September  and  October 
1976.  Outcrop  and  road  lines  were  walked,  and  shoreline  exposure  was  examined 
from  the  lakeside  by  boat.  Contacts  shown  on  detail  maps  were  placed  by 
walking  the  ground. 

b.  Contacts  are  extended  to  sections  examined  by  transect  study  by  pro- 
jection. Location  of  contacts  in  transect  studies  are  from  outcrops  and  road- 
cuts,  or  by  interpolation  between  outcrops. 

c.  The  results  of  detailed  reconnaissance  and  mapping  are  shown  in  Figure  2. 

d.  As  shown  on  the  map,  rocks  of  tne  Modoc  Zone  can  be  grouped  into  Low 
and  High  Rank  metamorphic  grades.  These  correspond  to  the  Slate  Belt  rocks 
of  South  Carolina,  the  Charlotte  Belt,  Kiokee  Belt  rocks  of  Georgia  and  South 
Carolina  respectively.  Intruded  into  these  groups  are  younger  multi-espisodic 
granite  intrusions  commonly  adamellite  in  composition. 
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Location  nap  of  the  detail  and  transect  study  performed  on  the 
Modoc  Fault.  Inclosed  figures  are  areas  of  detail  mapping, 1/ 12000 
scale.  Open  figures  and  shaded  areas  are  sites  of  reconnaissance 
mapping  and  study. 
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Low  Grade  Rocks 


granitic  gneiss,  cataclastic 


meta-argillite  and  sericitic  phyllite, 
slaty . 


Little  River  Series  mafic  volcanics, 
phyllites  and  argillites. 


High  Grade  Rocks 

Kiokee  Biotite  granit  gneiss 


mafic  and  untramafic  rocks,  including 
talc  and  chloritic  schists 


Granite,  adamellite,  undifferentiated  as 
to  episode 
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e.  The  Low  Rank  group  rocks  consist  of  sericitic  phyllite,  argillite, 
quartz-sericite  schist,  and  quartz-sericite  gneiss.  These  rocks  are  of 
upper  greenschist  metamorphic  grade.  Transition  Into  the  High  Rank  group 
rocks  are  lithologies  of  "Button"  mica  schist,  mica  schists  with  amphibo- 
lites and  sericite  muscovite  schist  mixed  with  some  chloritic  mafic  schists. 

These  transition  rocks  vary  from  quartz  - plagioclase,  biotite  almandite 
facies  assemblages  to  staurolite  subfacies  of  epidote-amphibolite  facies. 

f.  The  High  Rank  group  rocks  are  granitic  gneiss  and  metamorphosed 
ultramafic  and  mafic  rocks.  Granitic  gneisses  include  biotite  granitic 
gneiss  and  quartz  feldspar  gneiss.  Minor  amounts  of  hornblende  and  quart- 
zite are  present.  Quartzo-feldspathic  assemblages  are  quartz-microline- 
plagioclase-biotite-muscovite  of  the  staurolite  quartz  subfacies.  Basic 
assemblages  are  hornblende-plagioclase-almandine-epidote  or  hornblende- 
plagioclase-epidote  of  the  staurolite  quartz  subfacies.  Metamorphosed 
ultramafics  have  diagnostic  serpentine,  talc,  and  minor  enstatite.  Some 
of  the  mafic  and  ultramafic  bodies  show  evidence  of  retrogressive  metamor- 
phism. Granite  bodies  are  generally  adamellite.  These  bodies  are  unplaced 
during  at  least  two  different  episodes.  Older  granites  have  undergone  some 
epidote  alteration  and  have  minor  cntaclastic  texture.  The  younger  granites 
are  not  as  severely  crushed. 

g.  Granites,  gneiss  and  schists  described  above  make  up  the  Modoc  Fault 
Zone.  They  are  present  as  tabular  to  elongated  bodies.  Foliation  and  bedding, 
where  observable,  strike  N55E  to  N68E  dipping  steeply  either  to  the  SE  or  NW. 
Metamorphic  grade  sharply  increases  across  the  zone  from  low  grade  to  the 
northwest  to  high  grade  to  the  southeast.  Rocks  of  the  Kiokee  Belt  are  of 
high  grades. 

h.  Figure  3 summarizes  the  structural  relationships.  Three  hundred 
structural  measurements  were  taken  in  75  localities  throughout  the  zone. 

One  hundred-seventy  five  joint  measurements  are  analyzed.  These  measurements 
are  from  observations  along  the  South  Carolina  Clark  Hill  shores  from  Parks- 
ville  to  Scotts  Ferry  and  inland.  Preferred  orientations  include  N-S,  N60W, 

N30W  and  N60W  trends;  all  joints  are  steeply  dipping.  1500  joint  measurements 
are  compared  with  1254  measurements  of  topographic  lineaments  and  419  stream 
trends  within  the  seven  county  region  surrounding  the  Little  River  Arm  of 
Clark  Hill  Reservoir  (see  Figure  4).  Figures  5,  6,  and  7 show  that  joints  and 
foliation  strongly  control  drainage  patterns.  Lineaments  have  maxima  at  N20-35  W 
and  N35-65°E>  probably  reflecting  folds,  major  rock  boundaries,  dike  concentra- 
tions and  to  lesser  extent  joint  systems  following  folds.  One  hundred-seventy 
lineations  and  axial  traces  suggest  folding  trends  of  S45W  and  N45E  at  10  N 
plunge.  Populations  of  joints  at  N20-40W  probably  are  extension  joints  resulting 
from  folding  and  compression;  commonly  these  joints  do  not  offset  planor 
structures  (e.g.  gneissosity) . Shear  joints  of  N-S  orientation  and  vertical  dip 
and  N60W  of  steep  dip  also  are  present.  These  joints  have  offsets  up  to  6 inches. 
Figure  8 is  an  idealized  cross  section  thru  the  study  area. 
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Figure  3 Metamorphic  facies  across  the  Modoc  Fault  zone  in  South  Carolina  east  of  the 
Clark  Hill  Reservoir. 
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Figure  5 


ROSE  DIAGRAMS  OF  TOPOGRAPHIC 
LINEAMENTS  BORDERING  THE  SAVANNAH 
RIVER  AREA  OF  THE  GEORGIA  PIEDMONT 
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C.ravlty  protile  and  sectional  interpretation.  Broad  linear  positive 

anomalies  Indicate  areas  of  mafic  volcanics  in  the  NW. 

Trending  off  the  high  is  less  dense  metasediments  and  sericite  schists 
of  the  Modoc  Zone.  Small  negative  anomaly  in  mid  section  represent 
an  area  of  contrasting  density  interpretated  to  be  a downfnlded  limb  oi  the 
sup  rapes  it  i oned  Slate  Belt  rocks.  This  limb  has  undergone  ductyle  tie  format  ion 
and  dedensif icat ion  by  granit i zat ion  due  to  extreme  pressure.  Density 
is  similar  to  granitized  and  migmatized  rocks.  Larger  negative  trends 
represent  granites  and  felsic  gneiss. 
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Ma^netir  profile  and  sectional  interpretation  based  on  wo*rk  from  Dan  ial  s ( 1 974)  and  di.seussion 
with  7.ietz.  Smooth  broad  low  on  NW  identifies  the  metasedimentary  argillites.  High  ideal  iflis 
r|e  irtz-serlei  te  phyllite  and  "knotty  Schist"  and  thought  to  he  of  metavolcanic  origin. 

Linear  magnetic  anomalies  on  plan  view  suggest  cylindrical  folding  about  a horizontal  axis. 

The  narrow  linear  magnetic  low  is  equivalent  to  button  schist  and  interpreted  as  the  trace  el 
the  fault.  This  low  corresponds  with  a radioactive  high  and  is  Interpreted  to  be  the  contact 
between  the  Slate  Belt  and  Kiokee  belt.  Kiokee  Belt  is  characterized  by  sharp,  shorter, ii 
less  regular  anomalies.  A zone  of  gneissfc  granit  lenses  extends  southwest  from  Edgelield  Co. 
ami  produces  a radioactive  high,  this  high  also  marks  other  felsic  gneiss  along  t ho  edge  of 
the  slate  belt  and  a porpliy  rob  las  t ic  gnelssic  granit.  Radioactivity  prolile  not  shown 
Cold-Slate  Belt  Rocks;  ye  I I ow-"but ton  and  knotty  schists; red-granite^  gneiss jclear-fiokee  Belt 
green-  ultra  mafics  and  chlorite  schists 
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1.  The  Modoc  Fault  Zone  has  been  questionably  linked  to  recent  earth- 
quake activity  by  Howell  and  others.  (See  trip  report  dated  20  July  76, 
SASEN-FC,  Memorandum  for  Record) . Long  and  Denman  in  1973  and  1974  con- 
ducted seismic  surveys  in  the  Little  River  Arm  of  the  Clark  Hill  Reservoir 
(CHRA) . Eighty-five  days  of  low  noise  recordings  were  obtained  with  nine 
events  of  natural  origin  occurring  within  20  km  of  the  Modoc  Zone.  Long 
concluded,  based  on  his  studies,  that  the  suggested  active  status  of  the 
old  fault  in  the  CHRA  is  not  firmly  established.  See  Guidebook  16,  Georgia 
Geological  Society.  Long  has  agreed  that  an  appropriate  fault  type  and  depth 
for  earthquakes  generated  in  the  present  Piedmont  stress  regime  would  be  re- 
versed faulting  and  normal  faulting  at  from  0-8  km  depth.  See  Memorandum 
for  Record  dated  19  October  1976.  Moreover,  it  is  now  generally  accepted 
that  extensional  and  compressional  couples  have  shifted  dramatically  from 
what  was  present  during  the  Appalachian  origin.  Geologically  recent  features 
since  the  Jurassic  suggest  the  Piedmont  is  subjected  to  NNE  tension  and  E-W 
compression . 

o 

j.  The  general  trend  of  the  Modoc  Fault  Zone  is  N68  E.  Ductile  folded 
mylonitic  zones  have  been  associated  with  slip-strike  faults  by  investigators 
in  the  past;  however,  no  evidence  from  slip-strike  faulting  was  found  in  field 
studies  along  the  strike  of  this  zone.  One  brittle  failure  in  the  crestal 
parts  of  an  anticline  was  found  in  the  Modoc  Fault  Zone  (see  Figure  3).  This 
produced  a thjust  fault  of  a 3 mile  length  whose  fault  line  strike  was  N71E 
and  dipped  42  SE.  Lineation  of  slickensides  indicated  movement  along  N40°W 
from  tiie  horizontal  was  43°.  This  movement  is  consistent  with  the  Paleozoic 
Appalachian  orogin. 

k.  No  evidence  of  recent  ground  rupture  or  geomorphic  features  char- 
acteristic of  geologically  recent  surface  faulting  are  present. 

l.  No  other  faults  were  found  or  identified.  Offset  in  rock  structure 
along  joints  was  always  less  than  6 inches  and  are  thought  to  be  related  to 
shear  joints  of  Paleozoic  age.  No  evidence  of  recent  activity  along  joint 
planes  was  found. 

7.  CONCLUSION: 

The  Modoc  Fault  is  best  described  as  a ductile  Mylonitic  Zone.  Ancient 
Paleozoic  features  are  seen  throughout  the  zone.  No  recent  evidence  of 
movement  was  observed.  Only  minor  microseismic  disturbance  is  found  presently 
in  the  zone.  (See  Figure  9(  io  .) 

8.  RECOMMENDATIONS : 

Further  study  of  the  zone  should  be  conducted  when  and  if  a Design 
Earthquake  and  Hazard  Risk  Analysis  is  to  be  conducted  for  Clark  Hill  Reservoir. 
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Figure  9-  Tndex  m:ip  showing  relation  of  gravity  to  seismic  recording  sites,  epicenters  and  modeled 
profiles.  The  solid  line  in  the  southeast  quadrangle  denotes  the  Kiokee  belt  - Carolina  slate 
belt  boundary  I Daniels.  1974  ).  The  saw  tooth  line  denotes  the  Modoc  Fault  (?)  as  shown  on 
geologic  map  of  Georgia  1 197fi). 
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This  study  could  Include  a one  year  tripartite  microseismic  monitoring 
program,  age  dating  of  the  most  recent  demonstratable  movement  and 
establishment  of  the  cataclastic  gradient  by  a series  of  thin  section 
analysis  across  the  feature. 
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1 . DATE:  20  July  1976 

2.  PURPOSE : To  inspect  and  evaluate  the  proposed  Modoc  fault  zone  lo- 

cated east  of  Clark  Hill  Reservoir  and  assess  its  relationship  in  the  seis- 
mic risk  study  and  design  earthquake  for  Richard  B.  Russell. 

3 . PERSON  MAKING  TRIP : 

William  E.  Hancock,  Geologist,  SASEN-FG 

4.  PERSON  CONTACTED: 

David  Howell,  Geologist,  State  of  South  Carolina  Development  Board 

5.  OBSERVATIONS: 

a.  Howell  and  Plrckle,  representing  the  State  Development  Board, 
proposed  the  existence  of  the  fault  in  1973.  Low  level  seismic  events  '-(Note  I) 
identified  with  the  fault  zone  include  Clark  Hill  Events,  Columbia,  Edge- 
field,  Modoc  and  McBea.  With  the  exception  of  the  Clark  Hill  events, 
these  epicenters  generally  occur  in  excess  of  18  miles  from  the  dam  (Clark 
Hill). 


b.  The  expression  of  the  Modoc  fault  zone  in  the  vicinity  of  Clark 
Hill  on  the  South  Carolina  side  is  found  in  field  expression  of: 

(1)  A westward  increasing  metamorphic  gradient  within  the  Carolina 
Slate  Belt  rocks.  Green  schist  at  Par ksville  - Amphibolite  at  Belgrave 

Bapti st  Church. 

(2)  A westward  increasing  deformational  gradient,  from  an  undis- 
turbed meta  argellite  at  Parksfleld  to  blasto  myfonitic  gneiss  at  Modoc 
Camp  8. 


c.  The  fault  zone  as  observed  along  Clark  Hill  Reservoir  is  similar 
in  nature  to  the  Brevard  throughout  Georgia,  South  Carolina  and  North 
Carolina,  and  the  Goat  Rock  and  Towaliga  fault  zones  in  Alabama  and 
Georgia.  The  zone  around  Modoc  is  of  lesser  extent  than  the  above,  about 
one  mile  wide  at  its  location  at  Clark  Hill.  Tnere  was  no  ground  evidence 
to  assess  its  capability  at  the  observed  positions.  The  proponents  of (Note  2) 
this  zone  wish  now  to  connect  the  Modoc  with  the  Goat  Rock  Fault  and  Lake 
Murry  fracture.  This  will  enable  them  to  propose  a length  from  Virginia 
to  the  onlap  at  the  southeast  terminus  of  the  Piedmont. 


Note  I . 
Note  2. 
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Howell  and  Pirckle  propose  this  relationship,  Per.  Com. _ 
Howell  (1976),  Major  Structural  Features  of  South  Carolina, 
Geol . Soc.  of  America  Abs.  with  Programs,  Vo  I 8,  No.  2,  pages 


200-201 
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SUBJECT: 


Trip  Report  to  Modoc,  South  Carolina 


31  August  1976 


6.  CONCLUSIONS: 

a.  A Brevard  type  zone  of  cataclastic  rocks  exist  east  of  Clark  Hill 
dam  s i te. 

b.  Its  capability  for  Earthquake  generation  can  presently  be  accessed 
only  on  related  historic  earthquakes  falling  on  its  trace. 

c.  There  is  no  field  evidence  of  recent  movements  at  known  outcrop- 
ing  locations. 

d.  Observations  - Triassic  diabase  dikes  cut  across  bedding  and  linea- 
tion  at  the  site  on  Clark  Hill.  Therefore,  this  fault  zone  is  presently 
termed  a Paleozoic  fault  with  dip  slip  and  strike  slip  components  of  move- 
ments demonstratable  along  sections  which  can  be  related  to  the  Clark  Hill 
exposures.  The  fault  can  be  considered  to  possess  a near  critical  remnant 
stress  field  with  a possible  additive  factor  due  to  isostatic  rebound  of 
the  Piedmont.  As  such,  low  levels  of  seismicity  can  be  expected  and  are 
historically  demonstratable  along  its  geographic  position,  (i.e.  McBea,  1959 
Oct  6 lo-VI,  Batesburg  22  Sep  68  lo-IV). 

7.  RECOMMENDATIONS: 

a.  Ten  (10)  day  field  study  of  the  zone.  Limit  of  geography  would  be 
that  which  falls  within  the  50  mile  radius  of  the  Richard  B.  Russell  study. 

b.  A period  of  monitoring  for  microseismicity  on  the  zone  around 
Clark  Hill. 

c.  Renew  study,  possibly  with  financial  contribution  to  outside  in- 
vestigators when  the  Clark  Hill  Dam  is  subject  to  a seismic  risk  study. 
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GEOLOGIC  REPORT  OF  THE  AREA  IN  THE  WESTERN  PORTIONS 
OF  THE  PROPOSED  RICHARD  B.  RUSSELL  LAKE 


1.  The  subject  of  this  report  is  The  Geological  Hazards  and  Seismic  Risk 
Studies  in  the  Northwestern  Portions  of  the  Proposed  Richard  B.  Russell  Lake. 

2.  This  report  is  the  result  of  studies  conducted  during  periods  1 October 
thru  10  November  1976. 

3.  Persons  making  the  study  were  Will 'am  E.  Hancock,  Geologist,  SASEN-FG 
and  Daniel  Waltz,  Hydrologist,  SASEN-FG. 

k.  The  following  persons  were  contacted  for  outside  information: 

Villard  Griffin,  Professor  of  Geology,  Clemson  University 
David  Howell,  Geologist,  South  Carolina  State  Development  Board 

5.  Comments  and  observations  resulting  from  the  study  follow: 

a.  The  field  study  of  geologic  hazards  and  faulting  was  conducted  during 
a period  of  six  weeks  in  the  Fall  of  1976.  Specific  site  studies  such  as 
Patterson  Branch  and  Richard  B.  Russell  Dam  site  are  subjects  of  separate 
report.  This  study  covers  a land  area  from  Hartwell  Dam  southeastward  to 
Parksville,  South  Carolina  and  is  restricted  to  counties  adjacent  to  the 
Savannah  River  in  tK  state  of  South  Carolina.  The  study  was  conducted  in 
reairm  aissanoe  fashion  with  detail  mapping  conducted  only  along  the  South 
Carolina  shores  of  Clark  Hill  Lake.  Excellent  geologic  coverage  was  available 
from  the  work  of  Or.  Villard  Griffin  between  areas  of  Hartwell  Lake  and 
McCormick  County  in  South  Carolina.  These  geologic  maps  were  used  at  face 
value.  Field  checking  of  major  geologic  structures  and  faults  were  con- 
ducted when  their  location  fell  in  close  proximity  to  Russell  Dam.  Figure  1 
locates  work  done  during  the  Fall  of  1976. 

b.  Figure  2 shows  the  general  geology  of  the  study  area.  The  geology 
represented  is  drawn  heavily  from  the  mapping  done  by  H.  Johnson  in  Edgefield 
and  McCormick  Counties,  William  Hancock  in  Clark  Hill  area  and  McCormick  Counties 
and  the  before  mentioned  Villard  Griffin. 

c.  See  accompanying  map  for  lithologic  description. 

d.  The  lithology  can  be  divided  into  3 belts.  These  belts  are  the  Slate 
Belt  rocks  of  Carolina,  the  Charlotte  Belt  and  the  Inner  Piedmont.  Metamorphic 
rank  is  the  distinguishing  field  characteristic  used. 
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e.  Commonly,  the  stratigraphy  is  ordered  from  the  oldest  Inner 
Piedmont  to  the  younger  overlying  Charlotte  to  the  still  younger  Slate 
Belt  rocks.  This  stratigraphy  generally  ranges  in  age  throughout 
Paleozoic  time. 

f.  Complex  structure  is  seen  in  conical  and  cylindroidal  folding 
of  mesoscopic  and  regional  scale.  Zones  of  shear  are  present  and  are 
noted  on  the  geologic  map  Figure  2.  Most  conspicuous  shear  features  are 
found  in  the  Lowndesvilie  Bel  t.  This  zone  divides  the  granitoid  gneiss 
of  the  Charlotte  Belt  from  the  schistotic  and  migmatitic  Inner  Piedmont. 
The  Lowndesville Zone  is  similar  to  the  Brevard  and  Modoc  Zone. 

g.  Outside  of  the  Patterson  Branch  Fault  and  the  Diversion  Channel 
Fault,  no  large  scale  faulting  was  found.  The  above  faults  are  subjects 
of  separate  memorrndum  and  discussion.  Multiple  small  faults  are  found 
but  are  of  limited  ground  extent  and  consequence.  No  evidence  of  recent 
movement  on  any  fault  investigated  was  found.  Geologist  contacted  in 
the  state  of  South  Carolina  reported  that  they  have  found  no  evidence  of 
recent  movement  in  faults  uncovered  in  their  investigations. 

6.  CONCLUSIONS: 


The  study  presented  in  this  report  found  no  geologic  hazard  or  active 
faulting  in  the  area  investigated.  The  scope  of  the  study  is  felt  to 
be  adequate  when  viewed  in  the  context  of  the  intensive  investigations 
of  other  investigators. 
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l«  an  effort  to  determine  if  there  were  any  faults  in  the  area  of  the 
proposed  Richard  B.  Russell  Dam  that  might  be  related  to  seismic  activity, 
a study  was  made  of  an  enlargement  of  a photograph  which  was  taken  on  30 
November  1973  by  Skylab  4.  The  photograph  covers  an  area  90  by  90  miles. 

The  Savannah  River  is  running  down  the  central  part  of  the  photograph, 
the  Hartwell  Reservoir  at  the  top,  and  the  city  of  Augusta  at  the  bottom.  At 
the  eastern  edge  of  the  photograph  is  lake  Greenwood  , in  South  Carolina, 
and  at  the  western  edge  is  lake  Sinclair,  in  Georgia.  Interstate  highway 
20  is  seen  running  from  the  the  southeastern  corner  to  the  northwestern 
corner  of  the  photo. 

The  photograph  covers  the  Georgia,  and  South  Carolina  Piedmont,  and 
Coastal  Plains.  The  border  between  the  Piedmont  and  Coastal  Plain  is  marked 
by  a well  defined  dendritic  drainage  pattern  to  the  southeast.  This  border 
between  the  Piedmont  and  Coastal  Plain  closely  parallels  a northeast-southwest 
trending  lineament  which  runs  from  approximately  10  miles  east  of  Saluda, 

South  Carolina  to  Lake  Sinclair,  north  of  M i 1 1 edgev i 1 1 e , Georgia.  This 
lineament  on  the  South  Carolina  side  of  the  river  was  pointed  out  by 
Griffin^  in  a previous  Skylab  mission  photograph.  There  are  two  other  line- 
aments that  parallel  this  one,  one  just  southwest  of  Saluda,  South  Carolina, 
and  one  about  four  (4)  miles  southeast  of  Greenwood,  South  Carolina. 

There  are  two  more  lineaments  running  in  an  almost  north-south  direction; 
one  located  about  eight  (8)  miles  north  of  Calhoun  Falls,  South  Carolina, 
and  the  other  about  eight  (8)  miles  north  of  Abbeville,  South  Carolina. 


Griffin,  Villard  S.  Jr.,  GEOLOGIC  NOTES,  Volume  18,  Number  2,  1974. 

"Skylab  Photograph  of  the  South  Carolina  Piedmont:  A Preliminary  Analysis" 
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A study  was  also  made  of  the  same  general  area  using  a LANDSAT  (ERTS) 
photograph.  This  photograph,  which  covers  an  area  of  115  miles  by  115  miles  was 
taken  by  LANDSAT-1  on  25  February  1975-  LANDSAT  flies  in  a circular  orbit 
570  miles  ( 920  km  ) above  the  earth's  surface  and  circles  the  earth  every 
103  mi nutes . 

The  photograph  covers  the  Blue  Ridge  province  of  North  Carolina  to  the 
northwest,  and  the  Piedmont  area  of  Georgia,  and  South  Carolina  as  for  south 
as  the  Clark  Hill  Reservoir. 

The  most  striking  feature  on  the  photograph  is  the  Brevard  fault  zone, 
which  runs  form  Gainsville,  Georgia  in  the  south-west  to  the  top  central 
part  of  the  photo.  The  Warwoman  shear  zone  also  shows  up  very  clearly 
trending  north-east,  crossing  the  Brevard  fault  zone  near  lake  Jocassee. 

There  are  numerous  lineaments  between  these  two  fault  zones,  including  the 
Tallulah  Falls  Dome  to  the  southeast. 

There  is  a lineament,  approximately  40  miles  along,  about  5 miles  south 
of  Greenville,  South  Carolina  that  curves  south-westward  toward  the  Savannah 
River.  This  lineament  intersects  another  that  trends  north-west,  south-east 
between  Anderson.  South  Carolina  and  Abbeville,  South  Carolina. 

In  the  extreme  southeast  of  the  photograph  coverage  is  a lineament  that 
trends  southwest,  northeast.  This  lineament  also  shows-up  on  the  Skylab 
photograph  mentioned  above. 
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CONCLUSION 


Because  of  the  deep  weathering  and  vast  vegetative  cover  of  the  Piedmont 
area,  it  is  difficult  to  detect  the  underlying  structural  features  using  the 
LANDSAT , and  Skylab  photographs.  It  should  be  noted  that  for  a more  accurate 
and  detailed  analysis  of  the  area,  a study  should  be  made  using  the  more 
conventional  1:20,000  scale,  aerial  photographs. 
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DIVERSION  CHANNEL  FAULT  STUDY 
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SUBJECT:  Trip  Report  - Richard  B.  Russell  Project 

MEMORANDUM  FOR  RECORD 


(Deleted  Portions  of  Memorandum  Deal  With  Subject  Matter  Other  Than  That 
Necessary  for  Consideration  in  This  Study.) 


1.  DATE:  16-20  August  1976. 

2.  PURPOSE: 

a.  Investigate  geologic  structure  extending  through  the  diversion 
channel  between  Stations  14+00  (riverward  side)  and  Station  21+75  (land- 
ward side)  as  reported  by  Construction  Division  on  11  August. 

b.  OMITTED. 

3.  PERSON  MAKING  TRIP: 

Robert  G.  Stansfield,  EN-FG 

4.  PERSONS  CONTACTED: 

a.  Corps  of  Engineers  Personnel 

(1)  Captain  Melvin  Lynch  - Richard  B.  Russell  Project 

(2)  Mr.  Bob  Stephens  - Richard  B.  Russell  Project  Geologist 

(3)  Dr.  James  Erwin  - SAD  Division  Geologist 

(4)  Mr.  Allen  Platt  - SAD  - Chief,  Construction  Branch 

(5)  Mr.  William  Hancock  - SASEN-FG  - Geologist 

(6)  Mr.  Jack  Keeton  - SASEN-FG  - Geologist  (Chief,  Drill  Crew) 

b . Non-Corps  of  Engineers  Personnel 

(1)  Mr.  James  Trammell  - Southeastern  Highway  Contractors  - Project  Supt. 

(2)  Mr.  Douglas  Hudson  - Gentry  & Thompson,  Inc.  (Bridge  Subcontractor) 

(3)  Mr.  Malcolm  Vest  - Davidson  Mineral  Properties 

(4)  Mr.  James  Voss  - Gulf  Oil  Corp.  (Drilling  and  Blasting  Subcontractor) 

5.  SUMMARY: 

a.  A sericite  (mica)  - feldspar  dike,  emplaced  along  a Triassic  or  post- 
Triassic  age  fault,  strikes  across  the  diversion  channel  from  14+00  to  21+75. 
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The  average  strike  of  the  dike  and  fault  is  approximately  N.  10°E.  with  a 
westerly  dip  of  approximately  50  degrees  from  the  horizontal.  The  location 
of  the  dike  is  shown  on  the  attached  plan  view  of  the  diversion  channel. 

b.  OMITTED. 

6 . OBSERVATIONS : 

a.  OMITTED. 

b . OMITTED . 

c.  OMITTED. 

(1)  OMITTED. 

(2)  OMITTED. 

(3)  OMITTED. 

(4)  OMITTED. 

d.  OMITTED. 

e.  OMITTED. 

f.  (1)  Investigation  of  the  geologic  structure  in  the  diversion  channel 

excavation  was  made  at  various  times  by  me  from  the  afternoon  of  16  August 
thru  the  morning  of  19  August.  I was  accompanied  by  Bob  Stephens  the 
afternoon  of  16  August,  by  William  Hancock  the  afternoon  of  17  August,  and  by 
James  Erwin  and  Allen  Platt  on  18  August.  By  phone  on  the  morning  of  18 
August,  I obtained  the  following  petrographic  and  x-ray  defraction  analysis 
results  from  Dr.  James  Neiheisel  (SAD  Lab)  that  he  had  just  completed  for  us 
on  a sample  of  the  dike  material:  60%  feldspar  (predominantly  potassium  feld- 

spar) 39%  sericite  (mica),  1%  magnetite  and  a trace  of  kaolinite. 

(2)  The  structure  consists  of  a 2 to  6 foot  thick,  altered-feldspar 
rich  dike  extending  from  the  west  sideslope  of  the  Diversion  Channel  at 
Station  21+75  to  the  east  sideslope  at  Station  14+00.  Between  approximate 
Station  18+00  and  14+50,  the  feldspar  dike  was  covered  by  overburden  or 
material  disturbed  by  excavation  operations  and  therefore  could  not  be  ob- 
served in  this  section.  The  feldspar  dike  dips  westerly  at  approximately 
50  degrees  from  the  horizontal  and  exhibits  an  average  strike  of  N.  10°E. 
within  the  limits  of  the  Diversion  Channel.  This  average  strike  is  determined 
from  two  surveved  locations  on  the  footwall  of  the  dike:  elevation  377.4  on 

the  centerline  at  Station  18+95  and  elevation  387.7  at  107  feet  right  of  the 
centerline  at  Station  20+60.  The  ^ocal  strike  of  the  footwall  of  the  dike  at 
approximate  Station  20+50  is  N.  25  E.  with  a westerly  dip  of  55  degrees;  at 
Station  18+95  the  local  strike  is  N.  8 E.  with  a westerly  dip  of  48  degrees. 
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At  its  exposure  in  the  channel  sideslopes  at  Stations  21+75  and  14+00,  the 
dike  is  truncated  by  overlying  soil  horizons  approximately  4 feet  in  thick- 
ness . 

(3)  The  2 to  6 foot  thickness  of  the  dike  is  estimated  primarily  from 
its  exposure  in  the  sideslopes,  as  excavation  by  dozer  has  removed  most  of  the 
width  of  the  dike  exposed  elsewhere  in  the  excavation.  The  country  rock  on 
both  sides  of  the  dike  consists  of  porphyritic  meta-dacite  and  northeasterly 
trending  meta-diabase  dikes.  However,  the  country  rock  on  the  westerly  side 
of  the  dike  is  deeply  weathered  to  saprolite,  while  the  country  rock  on  the 
easterly  side  is  weathered  to  a much  lesser  depth.  At  the  time  of  this  in- 
spection, excavation  on  the  westerly  side  had  progressed  to  within  15  to 

20  feet  above  invert  grade  between  approximate  Station  19+50  and  18+00. 

This  was  as  much  as  40  feet  deeper  than  in  the  harder  country  rock  on 
the  easterly  side  of  the  dike.  Thus,  the  footwall  of  the  feldspar  dike  was 
well  exposed  between  approximate  Station  20+60  and  18+00,  although  water 
collected  in  the  bottom  of  the  deeper  excavation. 

(4)  The  dike  rock  encountered  was  friable  or  soft  to  moderately  hard, 
very  fine  grained,  and  white  colored  or  white  with  a light  green  or  pink  tinge. 
The  rock  with  the  light  green  tinge  is  generally  moderately  hard.  All  the  dike 
rock  is  intensely  jointed  with  joints  extending  into  the  dike  rock  from  the 
country  rock.  There  is  a faint  foliation  parallel  to  the  footwall.  In  some 
areas,  planes  of  mineralization,  probably  epidote,  commonly  occur  within  inches 
of  (and  parallel  to)  the  footwall.  These  mineralized  surfaces  are  relatively 
smooth  and  in  some  instances,  the  mineralization  exhibits  a faint  appearance 

of  vertical  parallel  lineation.  Manganese  dioxide  staining  of  joint  surfaces, 
and  into  the  dike  rock  itself,  is  widespread.  At  two  locations  where  the 
footwall  contact  of  the  dike  with  the  country  rock  could  be  observed  in  cross- 
section,  and  along  the  observed  upper  surface  of  the  footwall,  the  contact 
appeared  distinct  with  no  visual  evidence  of  brecciation  or  separation. 

(5)  The  country  rock  on  both  sides  of  the  feldspar  dike  consists 
of  the  same  type,  porphyritic  meta-dacite  cut  by  near  vertical  meta-diabase 
dikes  that  generally  strike  northeasterly  and  are  1 to  4 feet  in  width. 

(As  already  described,  the  rock  on  the  west  side  of  dike  is  weathered  to 
a much  greater  depth  than  the  rock  on  the  east  side.)  A total  of  4 of 
these  meta-diabase  dikes  were  observed  striking  across  the  channel  exca- 
vation between  approximate  Station  21+50  and  18+00.  However,  none  of 
those  meta-diabase  dikes  cross  the  feldspar  dike;  i.e.  the  meta-diabase 
dikes  are  truncated  at  the  feldspar  dike.  Two  of  these  meta-diabase  dikes 
enter  the  excavation  from  the  west  slope  in  the  vicinity  of  Station  18+00 
to  18+50.  The  other  two  meta-diabase  dikes,  entering  from  the  east,  truncate 
at  the  feldspar  dike's  footwall  at  approximate  Stations  21+50  and  20+10. 
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The  4 foot  wide  meta-diabase  dike  (at  approximate  Station  21+50)  contacts 
the  footwall  of  the  feldspar  dike  in  the  final  sideslope  on  the  west  side 
of  the  channel.  At  this  contact  the  meta-diabase  dike  appears  to  curve  to 
the  south  by  about  3 to  4 feet;  i.e.  the  diabase  dike  appears  to  have  been 
dragged  to  the  south  at  the  footwall  contact. 

(6)  Dr.  James  Erwin  inspected  the  feldspar  dike  structure  on 
18  August  and  uncovered  several  smooth  surfaces  within  the  feldspar  dike 
material  that  were  lightly  striated  with  vertical  striations.  The  surfaces 
were  oriented  parallel  to  the  footwall  and  were,  mostly  located  on  tiie  upper 
portion  of  the  footwall  slope  between  Stations  20+10  and  19+50.  They  were 
within  inches  of  the  feldspar  dike  - country  rock  contact.  Dr.  Erwin  also 
discovered  the  one  foot  wide  meta-diabase  dike  at  approximate  Station  20+10 
and  pointed  out  the  following  two  features  associated  with  it:  (1)  a 

polished  surface  of  manganese  dioxide  staining  on  an  exposed  joint  surface 
in  porphyritic  - meta-dacite  rock  at  its  contact  with  the  meta-diabase  dike 
near  the  east  sideslope  of  the  channel  excavation  (2)  numerous  small 
slickensided  surfaces  within  weathered  meta-diabase  dike  material  at  the 
footwall  contact  with  the  feldspar  dike.  (At  this  footwall  contact  the 
meta-diabase  was  weathered  or  altered  to  a brown  colored  clay-like  material 
having  a firm  to  stiff  consistency.)  We  also  observed  a feature  consist- 
ing of  4 curvilinear  ridges  on  the  upper  portion  of  the  footwali  slope  at 
approximate  Station  19+50.  The  ridges  were  approximately  1/4  inch  high  by 
1 inch  wide  and  were  spaced  6 inches  apart.  They  were  approximately  3 feet 
in  length  and  curved  upward,  from  an  imaginary  horizontal  line,  at  an 
average  angle  of  approximately  30  degrees. 

7 . CONCLUSIONS: 

a.  The  feldspar  rich  dike  has  apparently  been  emplaced  along  a fault 
of  Triassic  or  post-Triassic  age  which  had  a lateral  slip  component  of  di- 
rection. This  is  evidenced  by  the  northeasterly  trending  meta-diabase 
dikes  (generally  believed  to  be  of  Triassic  age)  being  truncated  by  the 
feldspar  dike.  The  indication  of  southward  drag  of  the  meta-diabase  dike 
at  Station  21+50  could  have  resulted  from  a right  lateral  slip  fault. 

b.  No  evidence  was  found  that  the  fault  is  geologically  young  or  active. 
No  breccia  zones  were  found  and  there  is  no  topographic  evidence  at  the  site 
of  faulting  as  might  be  found  from  an  active  fault.  Also,  the  4 foot  thick 
soil  horizon  shows  no  evidence  of  offset  and  has  taken  a considerable  period 
of  time  to  form  that  thickness. 

c.  The  evidence  found  by  Dr.  Erwin  and  reported  in  subparagraph  6.f.(6) 
above  could  be  evidence  of  movement  within  the  feldspar  dike  after  its  em- 

p lacement . 
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RECOMMENDATIONS : 

a . OMITTED . 

b.  OMITTED. 

c.  When  the  excavation  in  the  Diversion  Channel  is  completed  to  grade 
along  the  feldspar  dike  and  fault,  EN-FG  should  perform  exploratory  borings 
and  hydraulic  pressure  tests  along  its  strike  in  the  Channel. 

d.  Dr.  Neiheisel  (SAD  Lab)  should  personally  select  samples  of  the 
country  and  dike  rocks  and  soil  overburden  for  laboratory  analyses  in  an 
effort  to  date  the  dike  and  determine  the  strain  history  of  the  rocks. 

(Dr.  Neiheisel  and  E.  Titcomb  have  visited  the  project  in  order  to  obtain 
samples  for  such  purposes  and  testing  is  currently  underway.) 


3 incl  ROBERT  G.  STANSFIELD 

as  Geology  Section 
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F ir  n'tol  tMs  form,  AR  340-15;  1hn  ptnpon.»nt  n-.'-ncv  li  T5f>  A<l]utnp.t  Cl  fin  Aral's  Offlcfl. 


HEFtfUNCE  OR  OFFICE  SYMBOL  I SUBJECT 


TKLI  i 'BUST  - Richard  Kussell  Project 


FV"H:  ':  Chief,  Kt.M  Branch 

TO:  Chief,  Eng  Div 


James  W.  Erwin 


DATE  20  Aug  76 
Dr.  Krwin/cpd/6704 


To  inspect  possible  fault  across  diversion  channel, 
iii  ■.  Date  a Richard  Russell  Proj  -ct,  L » August  1 )76. 


Person  i A<  tending:  F >bert  Stephens 

Robert  Stans fie Id 
Allan  Platt 
James  Erwin 


Project  Office 
Savannah  District  Office 


1.  Synop.:  i ; : A large  fracture  zone  trending  across  the  diversion  channel  excavation 

. is  been  exjxr.ed  by  the  excavation.  There  are  indications  that  movement  has  occurred 
long  this  fracture  in  the  geologic  past,  thereby  classifying  it  as  a fault.  The 

turc  zone  separates  deeply  decomposed  rock  encountered  in  the  middle  third  of  the 
h.ianel  from  hard  rock  encountered  in  the  downstream  portion.  My  preliminary  obser- 
v i • : ms  indi  ; fault  ' > have  ; sen  inactive  for  a subst  intial  length  of  time . 

5.  Observations: 


| a . Thei  ! ; i ■ ! ; rock  fi  :ture  zone  extending  liagorially  tor:  the  di  vei  sion 

J inel  r 1 . • ■ i ii  ' • i on  t ! i<  i ; • r side  t tati  n 219-7  on  t he  land  i de . Th 

| fi  icture  z ne  trikes  ppi  ximately  N 8°  i and  d i ; s approximately  50"  NW . The 

| sb.'tered  ! ■ :xew;  is  about  a feet  thick. 

1 

b.  Pheri  : evid<  that  movement  has  occurred  on  .a  fracture  zone,  thereby 

9 classifying  it  . a fs  1 1 1; . This  evidence  consists  of  intrusive  dils  which  are 

I truncated  it  in-  fault,  dike  which  has  a drag  fold  apparently  ca  used  by  movement 

| on  the  fault,  and  striation > and  polishing  of  the  fault  surface.  Another  indication 

I i ..  th<  1’  plated  • . iit  n of  the  rock  just  behind  the  fracture  surface. 

- c.  Thi  f 'lit  was  not  unexpected.  During  subsurface  investigations  for  the 
S diversion  channel , it  was  noted  that  excessively  deep  alteration  or  decomposition  of 
■ the  rock  existed  in  the  middle  third  of  the  channel  while  hard  rock  existed  in  the 
I downstream  portion.  The  deep  decomposition  was  thought  to  be  the  result  of  faulting, 
j Thi  ; appears  to  bo  the  case.  The  fault  forms  the  contact  between  th  • downstream 
I hard  rock  and  the  upstream  soft  rock.  See  pictures  in  the  attach"!  folder  which  show 
! this  contact. 


d.  Another  smaller  fault  trending  generally  perpendicular  to  tin-  large  fault  was 
observed  during  the  inspection.  This  fault  parallels  and  tr.  contained  within  one  of 
the  diabase  dikes  which  is  truncated  by  the  larger  fault  discussed  above.  There  is 
no  change  in  quality  of  the  rock  from  one  side  of  this  small  fault  to  the:  other. 

e.  My  preliminary  observations  of  the  main  fault  indicate  that  it.  is  inactive.  ‘ 

fnvre  is  a soil  layer  overlying  the  fault  which  has  not  boon  disiur!  i by  movement  on  I 
the  fault.  This-  soil  layer  i about  5 feet  thick  and  required  many  thousands  of  years 
to  develop.  Any  recent  movement  on  the  fault  would  have  disturbed  this  sc : ' 
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6.  Conclusions  & Recommendations: 

a.  Present  indications  are  that  the  fault  is  inactive;  however,  it  must  be 
studied  in  detail  to  confirm  this  inactivity. 


b.  The  fault  trends  diagonally  across  the  right  earth  embankment.  The  frac- 
tured rock  in  the  fault  could  serve  as  a seepage  conduit  beneath  the  dam  unless 
properly  treated.  The  District  should  investigate  this  with  borings  while  the 
area  is  readily  accessible  and  then  make  provisions  for  the  necessary  treatments. 


1 Incl 
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MEMOBANDUM  THRU : DIRECTOR,  SAD  Laboratory 

FOR:  CHIEF,  K * H Branch  (SADE8-F) 

SUBJECT;  Trip  Report  an  Procurement  of  Rock  an*  Soil  Sallee  from 
Diversion  Channel , Richard  B.  Ruaaall  Project 


1.  Place  and  Data;  Richard  B.  Russell  Project  Site,  vicinity  of 
Kibe rt on , isorgi#  an  23  and  26  August  1976. 

2 . Purpose;  Inspect  well  rock  exposed  in  the  central  portion  and 
banks  of  the  diversion  channel  at  Rickard  B.  Rusaall  Project  and  procure 
oriented  samples  conduslv*  to  evaluation  of  aovneat  direct lone  and 
stress  history  In  the  geologic  framework  of  the  project  oroo. 

3.  Attendance;  Cape . Mai  Lynch,  Project  Engineer 

Hr.  Jack  tCeetou,  Savannah  District 

Mr.  Earl  Tit comb.  Savannah  District 

Mr.  Jin  Melheleel,  South  Atlantic  Division  Laboratory 

4.  narrative; 

a.  la  rsesut  tine,  particular  attsntloa  Is  be lag  directed  to  the 
stress  history  In  foundations  of  daw  structures  to  assure  that  active 
fsults  srs  not  present  sod  to  determine  ss  closely  as  possible  the 
relative  time  of  movement  and  orientation  of  former  stresses  along 
inactive  stress  tones. 

b.  On  the  afternoon  of  23  August,  the  writer  sod  Mr.  Jsck  Keeton 
Inspected  visible  stress  tones  io  the  diversion  channel  exposed  by 
recent  excavation . An  oriented  sample  was  taken  at  Station  19  *■  40  on 
the  right  side  of  the  diversion  channel  along  o surface  with  a trend 

M 10°  E and  dipping  45  degrees  west.  Several  enables  ware  also  obtained 
from  Station  21  + 13  (right  of  centerline)  along  the  landward  bank  of 
the  diversion  channel . These  samples  were  taken  across  s 5 foot  alteration 
tons  and  sslactad  portions  of  ad J scant  wall  rocs  for  composition  control 
analysis. 


c.  On  the  morning  of  26  August , the  writer  end  Mr.  Earl  Tltcodb 
Inspected  the  diversion  channel  stress  tons  sad  o-lentaced  samples  were 
obtained  at  Station  17  4-  40  (right  of  centerline)  on  the  upe trees  aide 
of  the  diversion  channel  and  at  Station  20  *•  93  (right  of  centerline)  on 
the  downstream  of  the  diversion  channel.  The  former  had  an  orientation 
of  ■ 33°  E strike  sad  36°  w dip  and  the  latter  had  an  orientation  of 
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SAM-PL  1 September 

SOUICTi  Trip  Uport  on  Trocurn at  of  lock  and  Soil  St^lM  from 
Diversion  OmbmI,  Richard  I.  Ruaaall  Projack 

■ 30°  E aad  34°  Waat  dip.  In  addition,  aovoral  jar  samples  were  taken 
la  vicinity  of  the  altered  atroaa  rone  and  adjacent  wall  rock  to  access 
the  raeultlns  alteration  based  on  the  mineralogy  of  the  rock  In  the 
affected  sons  aad  adjacent  mail  rock.  An  Inspection  we  also  node  of 
cores  taken  during  the  exploration  drilling  phase  of  the  project  and 
three  staples  wore  obtained  between  112.3  and  116.6  feet  depth  of  Core 
■ole  DC-24  which  contained  evidence  of  the  altered  none. 

3.  The  eenplea  obtained  from  the  Richard  B.  Russell  Project  will  be 
analysed  at  the  South  Atlantic  Division  Laboratory  using  X-ray  diffraction 
aad  petrographic  techniques  to  correlate  the  orientation  of  microscopic 
features  with  field  evidence  and  other  investigative  reports  concerning 
the  atraaa  history  of  the  project  area.  A separate  report  of  findings 
will  be  provided.  This  work  is  being  funded  by  the  Savannah  District 
la  accordance  with  discussions  between  the  writer,  Mr.  Erwin  (SADER-PL), 
aad  BASER -PC  personnel. 


JAMES  RE1HE1SEL 
Geologist 

Copy  furnished: 

Capt.  Lynch,  Pt.  Gordon  Res.  Engr.  Office 
Mr.  lari  Tlteodb,  SASER-PO 
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PREFACE 


The  Foundations  and  Materials  Branch,  U.  S.  Army  Engineer  District, 
Savannah,  in  Requisition  No.  EN-PG-7T-46  dated  17  September  1976,  to 
the  Director,  South  Atlantic  Division  Laboratory  (SADEN-FL)  requested 
field  observations,  petrographic  and  X-ray  diffraction  analyses, 
and  potassium-argon  dating  of  rock  samples  from  the  diversion  channel 
at  Richard  B.  Russell  dam  site  for  the  purpose  of  estimating  the 
stress  history  at  the  dam  site.  Dr.  James  W.  Erwin,  SADEN-F,  and 
Messrs.  Earl  Titcomb  and  Robert  Stansfield,  SASEN-FG,  provided  assist- 
ance in  field  observations  and  in  obtaining  oriented  field  samples. 

The  field  sampling,  petrographic  and  X-ray  diffraction  analyses  were 
performed  by  Dr.  James  Neiheisel  at  SAD  Laboratory.  Potassium-argon 
dating  of  selected  samples  was  performed  by  Dr.  Marion  Wampler  of  the 
Geophysical  Science  Laboratory  at  Georgia  Institute  of  Technology, 
Atlanta,  Georgia.  The  latter  work  appears  as  Appendix  A to  this 
report  which  was  prepared  by  Dr.  Neiheisel. 

The  work  was  performed  under  the  general  direction  of 
Mr.  Robert  J.  Stephenson,  Director,  South  Atlantic  Division  Laboratory 
and  Mr.  Robert  L.  Crisp,  Jr.,  Chief,  Foundation  and  Materials  Branch, 
South  Atlantic  Division. 


1 1 »f  u: 

Sc i t i on  P 


U.S.  ARMY  ENGINEER  DIVISION  LABORATORY,  SOUTH  ATLANTIC 
CORPS  OF  ENGINEERS 
MARIETTA,  GEORGIA 

PETROGRAPHIC  REPORT 

uTsrm 

Savannah 

PR0J1CT 

RICHARD  B.  RUSSELL  DAM 

CONTRACT  NO. 

SOURCE 

Richard  B,  Russell  Diversion  Channel 

232^885  - 899 

DATE  REPORTED 

16  December  1976 

DATE  RECElVCO 

26  August  1976 

RfO.  no.  EN-FC-7T-43 , EN-FG-7T-46 , 
EN-FG-77-09 

* OR*  OROER  NO. 

0169,  0184,  and  0233 

STRESS  HISTORY  IN  VICINITY  OF 
RICHARD  B.  RUSSELL  DAM  SITE 


Petrographic  and/or  X-ray  di  f traction  analyses  have  been  made  in  accordance  with  CRD- C 1 27-67  and. 

01  EM  1110-2- 2000.  Thin  section  studies,  petrographic  oil  immersion  studies,  and  megascopic  examination 
have  oeen  performed  as  necessary  lor  evaluation  procedures  and  pho ton crogr aphs  ol  thin  sections,  nhere 
applicable,  appeal  as  figures  in  the  report.  X-ray  diffraction  techniques,  if  applicable  to  this 
testing,  include  ethelene  glycol  and  heat  treatment  of  sedimented  slides  as  corroborative  diagnostic 
tests  to  the  ponder  press  technique,  and  X-ray  di f f ractograms  appear  as  plates.  Other  tests  necessary 
tor  this  investigation  are  described  in  the  report. 


Oetailed  petrographic  descriptions  and  pertinent  remarks  regarding  acceptance  of  individual  lock 
types,  soils,  or  fine  aggregate  and  other  earth  materials  are  included  in  the  tables.  The  summary  below 
presents  key  data  resulting  from  the  testing. 
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SUMMARY 


Petrographic,  X-ray  diffraction,  and  potaaalua-argon  dating  analyals  of  oriented 
rock  nmoles  from  an  altered  felalc  dike  trending  parallel  to  a fault  and  a mafic  dike 
truncated  along  the  fault  has  provided  Information  enabling  Interpretation  of  the  stress 
history  at  Richard  B.  Russell  dam  site.  Analysis  of  microstructures  and  composition  of 
rock  and  soil  samples  was  performed  at  SAD  Laboratory  and  potassium-argon  dating 
accomplished  by  Dr.  J.  M.  Wampler  at  the  Geophysical  Sciences  Laboratory  at  Georgia  Tech. 


The  falsie  dike  Intrusive  appears  to  be  structurally  controlled  along  a pre-existing 
fault  zone  In  the  host  rock  of  meradaclta.  A truncated,  older  mafic  dike,  which  does 
not  penetrate  the  felslc  dike  and  which  appears  to  be  offset  from  the  opposite,  more 
highly  weathered,  hanging  wall  also  supports  the  view  that  felslc  dike  was  locallized 
along  a pre-existing  fault  zone  and  that  hydrothermal  alteration  followed  this  same 
pathway  at  a later  date.  Potassium  bearing  minerals  In  the  mafic  and  altered  felslc 
dike  subjected  to  potassium-argon  dating  provide  key  Information  relating  to  the  stress 
history  of  the  area. 
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A akatch  diagram  of  tha  altcrad  falalc  dlka  situated  along  an  older  fault  zone  In 
tha  diver* Ion  channel  at  Richard  B.  Ruaaell  das  alt*  la  depleted  below,  and  a aumairy 
analysis  of  tha  atraaa  hlatory  baaed  on  field  obaervatlon* , potassium-argon  date*,  and 
published  paper*  in  scientific  Journal*,  unpubllahed  M.  S.  dlaaertatlona  from  univer- 
sities, and  Georgia  Geological  Society  field  trip  guide  book  is  presented  aa  follows. 


Sketch  Diagram  of  Felslc  Dike  Located  Along  Fault 


Age  of  Rock  Unit  or  Evant 

1.  Metadaclte 

560  - 570  m.  y. 

2.  Faulting  and  multiple  deforma- 
tion of  Little  River  Series. 

Mafic  dike  - 555  t 11  m.  y. 

Fault  N 10°E  - less  than  355  m.y. 

3.  Felslc  dike  emplacement 
357  t 11  ».  y. 


4.  Hydrothermal  alteration  of 
felslc  dike. 

272  t 6 m.  y. 


Si  loam  granite  pluton  40  miles 
to  SW  la  probable  source  of 
hydrothermal  solution*. 

269  t 3 m.  y. 

5.  Slight  movemeat  along  old  fault 
zone  as  observed  In  the  felslc 
dike  a*  a post  hydtothasmal 
event. 


Baals 


Rb  - Sr  whole  rock  analysis  by 
Carpenter  (1976). 

K-Argon  dating  of  mafic  dike  at 
station  23+50  by  Wampler  (1976). 
Field  observation  shows  fault 
younger  than  amflc  dike. 

K-Argon  detlng  of  feldspar  from 
felslc  dike  at  station  17+40 
by  Wampler  (1976). 

K-Argon  dating  of  muscovlte- 
serlclte  from  altered  felslc 
dike  at  station  20+95  by 
Wampler  (1976). 

Rb  - Sr  whole-rock  date  of 
nearest  granite  pluton  at 
Slloam,  Georgia  by  Jone* 
and  Walker  (1973). 

Widespread  stress  and  movement 
along  Trlasslc  faults  of  the 
Inner  Pledawnt. 
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Tha  age  of  the  fault  In  the  diversion  channel  at  Richard  B Russell  den  site  is 
considered  to  be  Devonian  In  age  since  the  fault  truncates  the  355  -11  nil  lion  year 
mafic  dike.  The  felslte  lmplacenent  must  have  occurred  soon  after  the  faulting  and 
hydrothanaal  alteration  of  the  dike  rock  during  igneous  events  of  the  Permian.  Minor 
stress  has  occurred  since  then  with  maximum  concentration  at  the  dsn  site  area  along 
the  ancient  fault  during  Trlasslc  time. 

Detailed  consideration  of  stress  history  at  the  Richard  B.  Russell  dam  site  Is 
presented  in  the  following  paragraphs,  tables,  appendix,  figures,  and  plates  of  this 
report . 


DETA I LED  PETROGRAPHY 


Introduction 


An  exposed  ancient  fault  and  altered  falsie  dike  rock  cuts  across  the  diversion 
channel  at  Richard  B.  Russell  dam  site  and  is  exposed  in  the  west  bank  of  the  diversion 
channel.  This  is  one  of  the  many  ancient  faults  known  to  exist  within  the  Piedmont 
province  framework  of  the  eastern  United  States.  Because  of  the  localization  of  a felsic 
dike  rock  along  the  ancient  fault  and  the  subsequent  hydrothermal  alteration  of  the 
dike  rock  and  the  relationship  of  older  mafic  dikes  to  this  fault,  it  is  possible  with 
potassium-argon  dating  to  establish  the  history  of  the  stress  events  at  Richard  B. Russell 
dam  site. 

The  location  of  the  fault  across  the  diversion  channel  at  Richard  B.  Russell  dam 
site  is  depicted  in  Figure  1.  The  fault  trends  N 10°  E and  dips  50°  NVJ  and  the  hanging 
wall  block  above  the  fault  zone  is  more  highly  weathered  than  the  footwall  block. 

Oriented  samples  were  obtained  from  four  locations  along  this  fault  zone  and  from 
boring  DC  24  (see  Figure  2).  Petrographic  and  X-ray  diffraction  analyses  of  these 
samples  are  presented  in  Table  1 and  potass. um-argon  dating  in  Appendix  A.  The  stress 
history  based  on  this  field  and  laboratory  evidence  as  well  as  corroborative  evidence 
from  published  data  of  adjacent  study  areas  la  presented  in  sequence  from  the  oldest 
to  youngest  events  in  the  following  paragraphs. 

Matadaclte  Country  Rock 

Tha  country  rock  or  oldest  rock  unit  at  the  diversion  cheannel  is  metadaclte  as 
disclosed  by  petrographic  analysis  of  rock  from  core  hole  boring  DC-24  (see  Figure  2 
and  Table  1).  This  Is  similar  to  the  Lincolnton  Metadacite  described  by  Paris  (1976) 
for  the  area  to  the  southwest  as  "typically  a quartz  porphyry,  consisting  of  large 
phenocrysts  of  blue,  opalescent  quartz  In  a fine  matrix  of  quartz  and  feldspar". 

A geochronologlcal  study  of  the  Lincolnton  Metadaclte  by  Carpenter  (1976)  based  on 
Rb  - Sr  whole  rock  analyses  and  U-Pb  analyses  of  zircon  have  been  completed,  and  both 
provide  ages  between  560  - 570  million  years  or  Cambrian  In  age. 
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Figure  2.  Location  of  core  hole  DC -24  in  relati 
diversion  channel. 
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Faulting 

The  N 10°  E trending  fault  zone  la  older  than  the  altered  felsite  that  it  contains 
but  younger  than  the  country  rock  In  which  it  occurs.  The  mafic  dikes,  truncated  by  the 
fault,  are  also  older  than  the  fault.  The  potassium-argon  dating  of  an  unaltered  mafic 
dike  from  field  location  station  23+50  reveals  an  age  of  355  t 11  million  years  (see 
Appendix  A).  The  mafic  dike  rock  from  field  location  station  21+15  contains  alteration 
products  (sericite,  etc.)  and  the  pota83lum-argon  date  of  this  sample  is  therefore  not 
considered  valid  because  of  this  contamination.  The  fault  is  younger  than  the  355  t 11 
million  year  mafic  dike  but  older  than  the  altered  felsic  dike  rock  which  parallels  the 
fault  fracture. 

The  faulting  post  dates  the  regional  metamorphlsm  of  the  region  which  Fullagar  (1971) 
postulates  as  a Slluvlan-Devonlan  event  (4*20  - 380  million  years  ago).  Paris  (1976)  cites 
structural  features  as  evidence  that  the  faulting  is  a post  metamorphic  event.  Thus,  the 
age  relation  of  the  fault  correlates  with  the  investigations  of  Paris  (1976)  and  is  fixed 
more  rigidly  in  absolute  time  by  potassium-argon  dating  of  this  investigation  as  being 
younger  than  355  t 11  million  years  and  older  than  272  t 6 million  years;  the  latter 
limiting  age  is  based  on  potassium-argon  dating  of  the  hydrothermal  alteration  which 
i 8 described  in  a later  section  of  this  report. 

Felsic  Dike 


The  felsic  dike  strikes  N 10°  E,  parallel  to  the  fault  zone,  and  has  a variable 
thickness  ranging  between  4 to  10  feet.  The  felsite  is  hydrothermal ly  altered  but 
relatively  fresh  unaltered  feldspar  exists  near  the  central  lone.  The  feldspar  from 
station  location  17+40  is  least  altered  and  has  a fresh  appearance  (see  Table  1); 
potassium-argon  dating  indicates  an  age  of  357  - 11  million  years  (see  Appendix  A and 
Table  1).  This  Is  generally  similar  to  the  lower  limiting  age  of  the  fault  if  one  takes 
into  consideration  the  11  million  year  analytical  margin  fo**  error  in  the  age  determin- 
ation. Thus,  the  felsite  of  generally  similar  age  was  probably  emplaced  very  soon 
after  the  faulting  occurred. 

Hydrothermal  Alteration 

Hydrotherma 1 alteration  is  apparent  throughout  the  felsite  dike  with  9ericite 
the  chief  alteration  product  (see  Table  1 and  Figures  3 thru  8).  The  feldspar-rich 
felsite  dike  was  largely  altered  to  potassium-rich  sericite  which  provides  rather 
ideal  material  for  potassium-argon  dating.  Much  of  the  potassium  was  probably  Intro- 
duced with  the  hydrothermal  solutions  originating  from  a siliceous  magma.  The 
potassium-argon  age  determined  on  a pure  sericite  fraction  from  station  20+95  is 
272  t 6 million  years  (see  Appendix  A).  This  correlates  well  with  the  radiometric 
age  of  the  nearest  granitic  pluton  and  the  similarity  of  the  hydrothermal  alteration 
at  the  Magruder  Mine  (Peyton  and  Cofer,  1950),  situated  approximately  12  miles  to  the 
southwest  of  the  dam  site.  Jones  and  Walker  (1973)  employing  rubidium-strontium, 
whole-rock  dating  of  the  Si  loam  granite  obtained  an  absolute  age  of  269  1 3 million 
years.  Thus  the  hydrothermal  alteration  of  the  felsite  and  the  emplacement  of  the 
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Figure  3.  Altered  felsite  dike  rock  from  station  17+-40  (right 
o:  diversion  channel  centerline)  showing  linear  trains  of 
Mack  magnetite.  drey  areas  are  sericite  rich  and  light 
areas  are  relatively  unaltered  feldspar. 
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Figure  '■* . Photomicrograph  (100X,  Crossed  Nicols)  of  thin  section 
Irim  grey  zone  of  the  altered  felsite  shown  in  Figure  3.  Dark 
lineations  of  fine  grained  magnetite  and  iron  stained  areas 
shown  in  the  tenter  of  the  photograph  trend  parallel  to  major 
stress  surfaces  in  the  altered  felsite. 


■ i s ion 


moot h , 
me  fault 
* r.O.  The 
t rikes 


i >’,r  t side 
(hi-  sliced 


i pressure 


figure  5 view  t ent 
channe i look i n ■,>  • • 

slick  pressure  fares  tins,.  r 

zone.  Apex  ot  the  taltis  i u ••  ( i 
white,  altered  : 1 s i te  •* 

N 10°  E and  d i ; ' ' - 


Figure  b.  Oriented  ! t • 1 e. 
of  center  l ini  i * ru 
rock  face  reveals  the  li 
I ace  in  the  di  ris  i i 


r 


PETROGRAPHIC  REPORT  (cont'd) 


PROJECT  . 
REQ'N  NO. 


RICHARD  B.  RUSSELL  DAM,  Savannah  District 
EH-FC-7T-43 , EN-FC-7V-46 , 

EN-FG-77-09  » 0 NO  0169>0184  ,nd  0233 


SI  loan  pluton  appear  to  coincide  In  time  if  the  analytical  error  Inherent  In  the 
methods  are  taken  Into  consideration.  The  analytical  error  of  the  methods  could  be 
as  such  as  t 6 million  years  for  the  serlclte  of  the  altered  felslte  dike  and  t 3 
million  years  for  the  Si loam  pluton. 

Post  Hydrothermal  Stress 

Post  hydrothermal  stress  Is  observed  along  the  central  portion  of  the  felslte 
dike  In  the  diversion  channel  as  smooth , slick  pressure  faces  (see  Figure  5).  Llne- 
atlons  in  the  altered  felslte  are  also  observed  megascoplcal ly  and  microscopically 
(see  Figures  3 and  6)  with  alignment  parallel  to  the  general  45°  NW  dip  direction 
of  the  fault.  Although  allckenaldea  are  not  observed  In  the  felslte,  the  smooth 
pressure  faces  and  alignment  of  trains  of  magnetite  suggest  that  some  movement  has 
occurred  parallel  to  the  fault  since  the  period  of  hydrothermal  alteration.  Fullagar 
(1971)  and  others  have  shown  that  final  major  tectonic  events  which  had  a major  effect 
on  the  Piedmont  area  probably  took  place  during  the  Trlassic  period.  Bollinger  (1973) 
has  demonstrated  that  strain  due  to  crustual  uplift  Is  concentrated  along  old  fault 
structures  and  such  stress  in  the  vicinity  of  the  dam  site  would  have  been  along  this 
old  Paleozoic  fault.  The  amount  of  stress  In  the  region  of  the  dam  site  since  the 
post  hydrothermal  phase  of  stress  events  may  be  concluded  as  very  minor  since  the 
felslte,  relatively  Inert  to  weathering  and  physically  less  competent  than  fresh 
country  rock  (metadaclte) , reflects  little  stress  and  negligible  evidence  of  movement. 
The  wall  rock  Is  highly  weathered  (see  Figure  9)  while  the  felslte  preserves  the 
graphic  details  of  earth  stress  In  vicinity  of  maximum  stress  since  the  hydrothermal 
event  279  t 6 million  years  ago. 
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Figure  7.  Photomicrograph  (100X,  Crossed  h'icols)  of  thin  section 
of  altered  feldspar  phenocrvsts  from  central  Uver  of  rock 
specimen  shown  in  Figure  6.  fhe  feldspar  shows  incipient 
sericitizat ion  along  cleavage  surfaces. 


_ j.  — _ .. 

I 


Figure  8.  Altered  telsite  from  station  20+95  (right  of  centerline 
of  diversion  channel).  The  foliation  tends  to  parallel  the  strike 
of  the  alteration  zone  and  dip  in  the  >11 r tinn  of  the  fault  zone. 
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Figure  9.  Typical  wall  rock  from  footwall  in  vicinity  of  fault 
zone  on  west  side  of  diversion  channel  at  Richard  B.  Russell 
Project.  The  dark  green  rock  occurs  as  dikes  typically  3 ft. 
wide  truncated  bv  the  hanging  wall.  The  lighter  colored 
saprolite  appears  to  be  weathered  porphyritic  metadaclte  in 
which  quartz  grains  up  to  2 mm  size  constitute  the  largest 
par  tic les . 
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Plate  1.  X-ray  di f f ractograms  of  powder  press  samples  from 
oriented  altered  rock  from  more  central  altered  zone  at 
station  17+40  (right  of  centerline)  in  diversion  channel, 
Richard  B.  Russell  project.  (SAD  Lab  Nos.  232/885  & 232/886). 
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Plate  3.  X-ray  di f fractograms  of  soil  in  wall  rock  adjacent  to  the 
altered  felsite  zone  at  station  17+40  (right  of  centerline)  in 
diversion  channel,  Richard  B.  Russell  Project. 

(SAD  Lab.  Nos.  232/888  and  232/889). 


Plate  4.  X-ray  dif f ractogram  of  powder  press  sample  of  oriented  altered  felsite  from  central 
portion  of  alteration  zone  at  station  19+40  (right  of  centerline)  in  diversion  channel  at 
Richard  B.  Russell  project.  (SAD  Lab.  No.  232/890) 


te  5.  X-ray  diffractogram  of  powder  press  sample  of  altered  felsite  from  the  more  centra 
zone  at  station  19+40  (right  of  centerline)  in  diversion  channel  of  Richard  B.  Russell 
project.  (SAD  Lab.  No.  232/891) 
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Plate  7.  X-ray  dl f f rac togram  of  powder  press  sample  of  fine  grained 
powdery  material  from  sericitized  fault  zone  at  station  20+95 
(right  of  centerline)  in  diversion  channel  west  wall  at 
Richard  B.  Russell  project.  (SAD  Lab.  No.  232/893) 
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lace  11.  X-ray  dif  fracroerar.  or  poveer  press  sample  of  r.etadaclte  froca  116  ft.  depcr.  of  core 
hole  '1S-24  at  Ricr.ard  3.  Russell  darr  site.  (SAD  Lab.  No.  232/fc96) 
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GEORGIA  INSTITUTE  OF  TECHNOLOGY 


SCHOOL  OF  GEOPHYSICAL  SCIENCES 

November  23,  1976 


Atlanta,  Georgia  30332 
1404)  894  2857 


Or.  James  Neiheisel 
South  Atlantic  Division  Laboratory 
U.S.  Army  Corps  of  Engineers 
6 1 1 South  Cobb  Drive 
Marietta,  Georgia  30060 

Dear  Jim: 

After  much  delay,  I am  enclosing  the  final  report  on  the  Potassium- 
Argon  Study  of  Rocks  from  Russell  Dam  Site,  which  I undertook  in  September 
in  accordance  with  a plan  described  in  my  letter  of  September  1 6 , 1976. 

I regret  that  there  has  been  so  much  delay  in  the  completion  of  this  work, 
but  the  extra  time  has  allowed  me  first  to  obtain  highly  pure  mineral 
separates  for  analysis  and  then  to  confirm  the  accuracy  of  the  analytical 
work  by  duplicate  analysis  of  most  samples. 

The  report  consists  of  four  pages,  as  follows: 

1.  Summary  of  results  on  the  primary  samples  from  five  stations 

2.  Summary  of  results  on  some  additional  samples 

3.  A table  of  analytical  data 

A.  Comments  on  interpretation  of  the  potassium-argon 
apparent  ages. 


The  results  reported  herein  are  consistent  with  preliminary  results 
reported  to  you  by  phone,  with  one  exception.  The  preliminary  result  on 
the  dike  rock  from  station  21  + 15  was  in  error  because  of  a mistake  in 
my  preliminary  calculations.  I am  sorry  for  the  error,  but  I am  pleased 
to  find  that  the  correct  result  is  consistent  with  your  interpretation 
of  the  history  of  secondary  alteration  at  the  site. 

I have  enjoyed  working  with  these  interesting  rock  samples,  and  I 
thank  you  for  the  opportunity  to  carry  out  this  study. 

S i nee  re  1 y , 

J.M.  Wampler 

Associate  Professor 


JMW : cma 
enclosures 


App  9 
of  !*^ 
Section  D 


SUMMARY  OF  RESULTS 
(Primary  Samples) 


STATION  MATERIAL 


POTASS 1UM-ARG0N 
APPARENT  AGE  * 


19+20 


Sericite,  high  purity.  Separated  by  heavy  295  6 *10  y 

liquids  after  disaggregation  of  sample 


20+95 


Muscovite,  high  purity.  Separated  by  heavy  272  + 6 xlO  y 

liquids  after  disaggregation  of  sample 


1 7+1*0 


Feldspar  (provided  by  Dr.  Neiheisel) 


357  + 11 


xl06y 


21+15  • Whole  rock  sample  of  dike  rock.  Analytical  292  +_  6 xlO  y 

sample  was  taken  from  the  inner  portion  of 
the  hand  specimen,  away  from  Mn-oxide  stain 
or  other  surface  alteration 


23+50  Whole  rock  sample  of  dike  rock.  Analytical  355  11  *10  y 

sample  was  taken  from  a portion  of  the  hand 
specimen  showing  little  secondary  alteration 


^Apparent  aqe  is  based  on  the  following  constants: 

90  , , ,„-10  -1 

K decay  constants:  X =9.72  x 10  y 

rs 


X = 0.5B5  x 10~ 10y" ^ 

r ' 


40K/K  = 0.000119  (Atomic) 

The  indicated  uncertainty  in  apparent  age  represents  an  estimate  of  the 
analytical  precision  at  the  95$  confidence  level. 
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SUMMARY  OF  RESULTS 
(Additional  Samples) 


STATION  MATERI AL 

19+20  Feldspar  (very  low  potass i uml.  Separated  by 

heavy  liquids  after  disaggregation  of  sample. 


POTASS  I UM-ARGON 
APPARENT  AGE 

988  + 20  xl05y 


20+95 


Feldspar  (low  potassium).  Separated  by  293  + 9 xlO  Y 

heavy  liquids  after  d i saggrega t i on  of  sample. 


23+50  Wnole  rock  sample  of  altered  dike  rock.  992  + 35  *10  Y 

Analytical  sample  was  taken  from  an  altered 
zone  which  extends  about  1 cm  on  each  side 
of  a healed  fracture  through  the  hand  specimen. 


COMMENTS  ON  INTERPRETATION  OF  POTASS  I UM-ARGON  AGES 


Muscovite  and  Sericite:  The  potassium-argon  apparent  age  of  muscovite  or 

sericite  indicates  the  time  elapsed  since  the  mineral  (last)  became  cool 
enough  to  retain  argon  (about  300°C) . For  igneous  and  hydrothermal  mica, 
this  time  interval  should  be  essentially  the  same  as  the  age  of  the 
material  unless  there  has  been  subsequent  metamorphism.  The  potassium 
content  of  micas  is  sufficiently  high  that  radiogenic  argon  which  may 
have  been  incorporated  at  the  time  of  formation  is  not  normally  significant. 


Plaqioclase  Feldspar:  Although  plutonic  K-feldspar  is  notorious  for  losing 

radiogenic  argon,  plagioclase  feldspar  normally  behaves  as  a closed  system 
for  potassium  and  argon  after  its  formation  as  part  of  igneous  rocks. 
Therefore,  the  potassium-argon  apparent  age  of  plagioclase  (from  dolerites, 
for  example)  is  often  a good  indicator  of  the  age  of  igneous  rocks  which 
have  not  undergone  metamorphism.  However,  for  samples  with  very  low 
potassium  content,  a small  amount  of  initial  radiogenic  argon  can  be  signi- 
ficant, making  the  apparent  ages  greater  than  the  geologic  age  of  the  rock. 
The  high  apparent  ages  of  the  feldspar  from  station  19+20  and  the  altered 
dike  rock  from  station  21+15  are  probably  due  to  the  presence  of  initial 
radiogenic  argon,  since  these  samples  have  extremely  low  amounts  of 
potass i urn. 


Whole  rocks:  Potassium-argon  apparent  ages  on  vyhole-rock  samples  of  igneous 

rock  are  reliable  indicators  of  geologic  age  in  favorable  circumstances,  and 
have  been  particularly  useful  for  studies  of  mafic  rocks  (basalts  and 
dolerites).  Confirmation  of  the  validity  of  whole  rock  ages  requires  mul- 
tiple samples  of  unaltered  rock.  In  the  case  of  this  work,  the  dike  rock 
from  station  21+15  is  clearly  different  from  the  sample  from  station  23+50. 
The  difference  in  apparent  ages  may  be  attributed  to  secondary  alteration  of 
the  rock  from  station  21+15- 
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29  DKG.  1976 


FINAL  CKOLOIIIC  KF.I'OKT,  PATTFRSl)N  liRANCII  FAULT,  WILL1NGTUN  SOUTH  CAROLINA 

1.  PURPOSK:  This  study  was  undertaken  to  determine  the  activity  of  the 

Patterson  Branch  Fault  relative  to  the  Richard  B Russell  Dam  and  for  the 
Design  Karthquake  study. 

. Methods:  A week's  field  examination,  consultation  with  outside  principal 

Investigators  of  the  fault,  geophysical  examination,  and  trenching  work 
was  conducted.  The  map  and  geology  of  the  area  was  done  by  Dr.  Don  Secor 
ol  the  University  of  South  Carolina,  Columbia. 

1.  Physiography  of  the  Patterson  Branch  area:  Patterson  Branch  is  a small 

» reek  draining  into  Clark  Hill  Reservoir.  The  Branch  was  a small  tributary  (•> 
the  Savannah  River.  The  area  is  one  of  multilevel  terraces  standing  <»'>  led 
above  old  bedrock  grade  of  the  Savannah  River.  The  highest  point  in  tin  positive 
re  lie l is  the  accordant  ridge  and  interfluve  between  Patterson  Branch  and  the 
neighboring  branch  to  the  southeast. 

4.  Geology:  There  are  4 distinct  geologic  units  underlying  the  Patterson  Branch- 

Wlllington  area.  As  mapped  by  Secor,  the*  units  are:  mixed  gneiss,  hornblende 
gneiss,  adamellite  gneiss  and  the  fourth  is  a mica  schist  lying  to  tin*  southeast 
and  northwest  of  the  Secor  units.  Across  the  river  the  units  are  hornblende  and 
granodlorlte  gneiss. 

r> . Ree».*n  t Alluvium  and  Terrace:,  Gravel  caps  lie  on  some  terrace  areas  in  the 
Patterson  Branch  area.  In  exploration  for  the  base  of  these  gravels  it  was 
d 1 see vo red  that  an  old  buried  stream  channel  of  the  Savannah  River  or  its 
tributary  lies  beneath  the  terrace.  See  cross  section  on  page  37. 

b . Pe  l ro  I ogy : Core  from  boring  PB-8  and  PB-7  were  ex  mined  at  division  laboratories 

tor  purposes  of  ascertaining  description  and  cataclnstic  history. 

PB-7  is  described  as  a light  grey,  medium  grained,  adamellite  gneiss. 
Although  minor  t ragmen tat  ion  of  minerals  is  present,  this  rock  does  not 
constitute  a cataclnstic  texture. 

PB-8  is  described  as  a greenish  gray,  fine  to  medium  grained,  loliatod 
and  c it ac lastir  textured,  hornblende  granodlorlte  gneiss. 

In  addition  i sample  from  the  crushed  quartz  and  feldspar  my  Ionite  zone  was 
submitted  for  analysis.  This  unit  is  identified  with  the  fault  zone  and  hereafter 
will  be  called  flinty  crushed  rock(FCR) . 

PBIIS-1  (FCR)  is  described  as  quartz  breccia  occurring  in  a my  1 on  i tie 
host  rock.  For  further  expansion  see  the  report  on  page  11,  this  report. 
/.  Ceopliys  I cs : A magnetometer  survey  was  conducted  across  the  lault  zone. 

The  results  of  this  survey  are  inconclusive,  however  this  survey  tends  t o validate 
the  postulated  structure. 

8.  Structure:  The  geologic  structure  of  the  area  appears  to  be  one  ol  a core 

of  adamellite  centered  In  a anticline  of  hornblende  gneiss.  The  southeast  limb  ol 
the  hornblende  granodlorlte  gneiss  is  truncated  by  a fault  zone  whose  surface.1 
expression  Is  the  Minty  crushed  rock  zone.  This  zone  pinches  out  successive  unit 

ii  they  abut  against  the  strike  of  the  FCR.  Relationships  suggest  a normal  fault. 

9.  Fault  Activity:  Drilling  and  trenching  were  conducted  to  assess  the.  activity  ol 

the  fault.  In  an  attempt  to  see  if  the  base  of  the  gravels  were  offset,  exploratory 
drilling  was  e nndtietod  as  a prelude  to  trenching.  It  was  discovered  at  this  time 

A|> 


that  a confined  water  table  exists  In  a remnant  stream  channel.  The  channe  l had 
been  capped  by  sftnrolitQ.  Upon  removal  of  the  rap,  the  artesian  head  rose  to  the 
pressure  level  of  the  lake.  Since  this  removed  the  possibility  of  a trench 
the  site  next  higher  was  chosen.  As  shown  on  the  <*«  ss  section,  the  terrace 
level  gravels  extend  to  some  depth.  The  top  of  saprolite  rot k of  the  old  channel 
has  been  downdroped  as  It  traversed  the  fault.  The  trench  was  excavated  across 
the  fault  In  a bedrock  - saprolite  horlzlon.  For  discussion  and  analysis  of  the 
t rencli  see  the  trip  report  and  consultants  summary  on  pages  6 through  10  ol  this 
report.  The  engineering  geology  map  has  the  dimensions  and  description  of  the 
trench.  tauLt  has  been  mapped  tv'  have  a length  of  7 ^ km. 


Summary 

In  field  examination  and  trenching  the  Patterson  Branch  appears  to  have  no 
evidence  ol  recent  activity. 

William  H . Hancock 

ideologist,  SASEN-FC 
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31  August  1976 


SUBJECT: 


Trip  Report 


to  Modoc  SC  and  Willington, 


SC 


MEMORANDUM  FOR  RECORD 


1.  DATE:  21  July  1976 

2.  PURPOSE : To  inspect  and  evaluate  the  proposed  Patterson  Creek-Wi 1 I ington 

Fault  located  along  a NE  linear  trend  extending  from  the  shores  of  Clark  Hill 
Reservoir  south  of  Patterson  Creek  to  Willington,  South  Carolina.  Patterson 
Creek  is  located  7 miles  SW  of  the  Abbev i 1 le-McCormi ck  County  line  on  Clark 
Hill  Reservo i r. 


3.  PERSON  MAKING  TRIP; 

William  E.  Hancock,  Geologist,  F&M  Branch,  Savannah 
A.  PERSON  CONTACTED: 

Donald  Secor,  Professor  of  Rock  Mechanics  and  Geology,  University  of 
South  Carol ina 

5.  OBSERVATIONS: 

The  fault  is  postulated  to  be  the  causative  mechanism  for  the  Will.ngtoi 
Earthquake  of  November  1974  - M^  = 4.3  by  Talwani  and  Scheffler  of  the  Uni- 
versity of  South  Carolina.  Don  Secor  did  the  detail  Geology  mapping  of  the 
area.  Units  defined  by  Secor  are  a admellite  gneiss,  hornb 1 end* gne i ss , and 
a mixed  gneiss.  The  fault  trace  is  composed  of  a zone  of  flinty  crushed 
quartz  with  comb  structure.  Diabase  dykes  and  pegmatite  dykes  cut  all  three 
of  these  units  but  there  is  a notable  decrease  of  the  pegmatite  dyke  in  the 
admellite  gneiss.  Field  relationships  of  the  units  allow  a fault  interpre- 
tation; however,  without  the  Willington  earthquake,  other  structures  could 
be  postulated.  Field  mapping  was  done  on  the  basis  of  residium  and  float 
rock.  Criteria  utilized  was  adequate  for  good  control  if  conscience  and 
hard  work  was  employed. 

6.  CONCLUSIONS: 

The  existence  of  a structural  fault,  terminated  as  a Triassic  basin  base- 
ment fault,  could  be  present  in  the  area.  The  seismic  activity  might  fall 
on  this  fault  or  on  regional  joint  patterns  associated  in  this  area.  Th i s 
type  of  structure  is  common  in  the  Piedmont  and  heretofore  has  not  been 
associated  with  historic  seismicity. 
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SASEN-FG 

SUBJECT;  Trip  Report  to  Hodoc  SC  and  Willington,  SC 


31  August  1976 


7.  RECOMMENDATIONS: 

The  presence  of  a Pleistocene  to  Tertiary  Savannah  River  gravel  along 
the  shoreline  where  the  fault  linear  projects  through  could  afford  excellent 
control  on  recent  movement.  Therefore,  this  gravel  should  be: 

a.  Explored  to  develop  subsurface  profile  (Time:  one  day). 

b.  If  profile  is  such  that  the  question  of  historic  movement  can  be 
answered,  the  fault  should  be  trenched  to  this  location. 


WILLIAM  E.  HANCOCK 
Geology  Section 


ICC  O t 
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GEOLOGY  FILE 


SASEN-FG  >6  November  1976 

SUBJECT:  Trip  Report  - Patterson  Branch,  Clark  Hill  Lake  and  Richard  B. 

Russel  1 - Diversion  Channel 


MEMORANDUM  FOR  RECORD 


I.  DATES : 13-14  November  1976 


2.  PURPOSE : 


a.  Inspection  of  trench  excavated  across  the  Patterson  Branch  Fault. 

b.  Inspection  of  Diversion  Canal,  Richard  B.  Russell  Dam  Site. 

3.  PERSONS  MAKING  TRIP: 

Earl  F.  Tltcomb,  Jr.,  SASEN-FG 

William  E.  Hancock,  SASEN-FG 

4.  PERSON  CONTACTED: 

John  McCracken,  Resident  Office  Personnel,  Richard  B.  Russell  Project 

5.  OBSERVATIONS: 

a.  Trench  - Patterson  Branch  . A trench  was  excavated  approximately 
perpendicular  to  the  N67E  striking  my Ionite  quartz  breecta  zone.  This  zone 
Is  postulated  by  Scheffler  (1973)  as  a possible  candidate  for  a causative 
mechanism  In  the  2 August  197*+  Wllllngton  earthquake.  Within  the  trench  a 
17-22.5'  crushed  quartz  zone  (1+10  - 1+30)  was  exposed.  This  quartz  dis- 
played an  Intense  cataclastlc  nature.  Splaying  of  minor  2 feet  crushed 
quartz  zones  was  commonly  found  on  the  NW  side  of  the  main  crushed  quartz 
zone.  The  right  wall  exposure  shows  a Graphic  granfte(0+25  - 0+50)  dike 
truncating  the  splaying  crush  quartz.  This  granl te pinches  out  In  the  floor 
and  is  not  found  along  the  left  wall.  Along  the  left  well  and  southeast  of 
the  main  crushed  quartz  a slide  developed.  The  well  sap  Material  which  the 
side  Is  composed  of  shows  no  crushed  quartz . The  saprollte  Is  zoned  with 
multiple  up  to  one  Inch  wide  layers  of  parallel  grey  clay.  Interstitial  to 
the  layered  clays  are  red  saprollte  most  probably  of  hornblend  granodlorlte 
parentage.  This  slide  saprollte  displays  "sllckenslde"  and  maganese  stain- 
ing. The  slide  Is  most  probably  caused  by  an  unfavorable  Joint  pattern. 
Predominate  Joint  sets  of  N60W  ond  vertical,  N60W,  GONE  and  N55W  80NE  was 
most  unfavorable  causing  the  walls  to  spall  off  Into  the  trench.  The  slide 
area  Is  further  bound  on  the  southeast  left  wall  by  a striking  change  In 
lithology.  Along  a N55W  80NE  Joint  the  slide  Is  Juxtaposed  against  a light 


P.  Gcheffler  (1973)  Unpublished  master  thesis  - The  McCormick  County,  SC 
Earthquake  of  2 August  1974 
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SUBJECT: 


Trip  Report  - Patterson  Branch, 
Russell  - diversion  Cliermel 


16  Movertier  1976 
Clark  Hill  Lake  and  Richard  D. 


colored  sap  rock  composed  of  iiornblend  granodlorlte  with  zenollths  of 
adamellite  gneiss.  The  Iiornblend  granod lor  I te  (hgn)  shows  flow  of  schistosiiy 
and  foliation  around  the  adamellite  (adm) . The  hgn  Is  lieavily  saprolltlzed 
while  the  adm  Is  ratlier  until  te  red.  The  first  few  feet  of  tills  lithologic 
zone  and  particularly  along  tlie  Joints  contain  graphite  In  up  to  6%  composi- 
tion. The  graphite  Joints  are  slick. 

b.  Hie  "A"  soil  horizon  zone  Is  leaclied  of  clay  and  Is  sandy.  It  Is 
of  lighter  color  and  contrasts  well  with  the  underlying  eaprollte.  Mo  off- 
sets were  observed  along  this  Interface,  Crushed  quartz  zones  fol low  Into 
the  A"  horizon  and  concentrate  along  the  surface.  This  zone  also  displays 
no  offsets  or  dlsturbtance  of  recent  vintage. 

c.  Sunniary.  The  crushed  mylonlte  breccia  quartz  zone  was  exposed  along 
a 250  foot  thru  cut.  The  zone  Is  one  of  extensive  cotaclar. tic  rock,  the 
fresher  intruded  and  younger  unplaced  rock  Is  not  as  heavily  saprolltlzed 

ns  the  parent  liost  rock  of  inemblend  grenodiorltc  gneiss.  Mo  offsets  wore 
found  alone  continuous  stratigraphic  tnambors.  t!o  offsets  were  found  in  the 
"A"  soil  horizons.  RJ  lekens  Ides  were  present  In  the  maganeesc  stained 
Joints  present  i r.  the  Saprollte.  These  by  themselves  ore  not  taken  to  be 
Indicator'  of  recent  movement.  (Picture  I,  Figure  1 Included). 

c‘ . Tiie.  Richard  B.  Russell  Project  was  visited  Sunday  morning. 

IS  ,'iover.iher  1976.  Hr.  McCracken  wes  leaving  the  project  office  as  we  drove 
in.  1 briefly  told  him  what  we  were  planning,  l.e.  drilling  In  the  Diversion 
Channel.  The  only  work  taken  place  was  the  dredging  operation.  The  Con- 
struction Bridge  area  was  visited.  Hie  pier  footings  within  tlie  channel 
had  all  been  poured  and  tlie  pier  column  forms  were  In  place  for  Pant  2. 
bent  1 , adjacent  to  the  landward  side,  hod  been  constructed  with  the  footlno 
against  the  channel  side.  There  did  not  appear  to  have  been  any  work  on 
tlie  end  bents  since  tlie  date  of  my  last  visit  (39  September  1976  "hie 
Contractor  was  drilling  his  blast  hole  pattern  between  (approximately  Sta. 

2D+50  and  r'ta.  22+50.  It  appeared  that  about  one  more  lift  would  be  re- 
quired to  bring  the  excavation  to  grade.  Downstream  of  the  fault  elong  the 
right  side  a lerge  pentode  of  liard  rock  was  left.  Tills  area  was  not  yet 
drilled  but  the  hole  pattern  was  layad  out.  The  fault  zone  was  coverad  with 
debris  throughout  most  of  Its  lenoth  but  the  folslc  dike  could  bo  seen  in 
several  places.  TWo  tentative  boring  locations  were  selected  at  Sta.  13+99, 

1 and  Sta.  20+00  along  tiie  right  side. 


? |nc l VI ILL  1AM  E.  HANCOCK  EARL  F.  TPCOMB,  JR. 

as  Geology  Section  Chief,  Geology  Section 
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December  8,  197b 


Mr.  F.arl  F.  Tit  comb 

U.  S.  Army  Corps  of  Engineers 

Box  889 

Savannah,  Georgia  31402 
Dear  Mr  Titcomb: 

t 

! am  writing  to  summarize  the  results  of  my  studies  of  the  Patterson  Creek 
fault  in  the  recently  excavated  trench  near  the  shore  of  Clark  Hill  Reservoir, 
southwest  of  Willington,  South  Carolina. 

The  country  rock  on  both  sides  of  the  fault  zone  is  hornblende  granodiorite 
gneiss  Tn  tbe  block  to  the  southeast  of  the  fault  zone  this  unit  is  more  coarselv 
crystalline  than  in  the  northwest  block.  The  northwestern  block  is  cut  by  a few 
dikes  and  irregular  masses  of  pegmatite  and  graphic  granite.  The  southeastern 
block  is  cut  by  a felsite  dike  a few  feet  thick. 

The  main  fault  zone  in  the  central  part  of  the  trench  is  an  anastomosing 
series  of  dike-like  masses  of  silicified  fault  breccia,  striking  northeast,  with  a 
near  vertical  dip.  Angular  clasts  of  incompletely  silicified  gouge  or  mylonite 
are  locally  present  in  the  breccia.  The  country  rock  adjacent  to  the  breccia  zone 
appears  to  have  undergone  cataclasis. 

In  the  block  to  the  northwest  of  the  fault  zone  numerous  nuartz  veins  of 
diverse  orientation  having  comb  structure  occur.  These  are  interpreted  to  be 
dilatational  veins  1/  because  of  the  comb  structure,  2/  because  thev  are  not 
brecciated,  and  3/  because  they  commonly  cut  each  other  without  apparent  lateral 
displacement.  Near  the  northwestern  end  of  the  trench  (0  + 50)  a 1 foot  thick 
vein  of  comb  nuartz  occurs  along  the  boundary  between  hornblende  granodiorite 
gneiss  and  graphic  granite.  These  relationships  suggest  either  1/  that  a 
dilatational  vein  of  comb  auartz  was  emplaced  along  a pre-existing  contact,  or 
2/  that  the  vein  is  a silicified  fault  zone  along  which  lateral  movement  has 
juxtaposed  the  gneiss  and  graphic  granite.  I prefer  interpretation  1/  because 
of  the  lack  of  brecciation  in  this  particular  vein.  The  dilatational  comb  quartz 
veins  are  most  numerous  in  tlie  northwestern  block  immediately  adjacent  to  the 
fault  zone.  The  frequency  of  occurrence  of  comb  quartz  veins  decreases  to  the 
northwest,  and  at  the  northwest  end  of  the  trench  onlv  a few  thin  veins  are 
present.  Tn  my  experience,  comb  quartz  and  silicified  fault  breccia  occur  topethei 
along  the  entire  known  extent  of  the  Patterson  Creek  fault.  These  facts  suggest 
that  the  two  are  genetically  related  and  formed  together  at  the  same  time  while 
the  fault  was  active. 

In  the  northwestern  block  the  quartz  veins  with  comb  structure  are  offset 
by  se  /era l small  northwest  striking  faults.  Some  structural  data  on  these  are 
given  in  Table  I.  Tn  most  cases  tbe  strike  separationof  small  quartz  veins  offset 
by  these  faults  are  one  inch  or  less  One  particular  fault,  located  on  the 
southwestern  face  of  the  trench  between  stations  0+b8  and  0 + 82,  has  offset 
two  veins  of  different  orientation  in  such  a wav  as  to  suggest  combined  reverse 
and  left  lateral  strike  slip  movement  of  six  inches.  The  direction  of  net  slip 
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TABLE  I 


STATION 

FAULT  ATTITUDE 

SLICKENSIDE  ATTITUDE 

ATTITUDE  AND  STRIKE  SEPARATION 
OF  OFFSET  COMB  QUARTZ  VEINS 

0 + 63 
(SW  Wall) 

N8W84SW 

N76E83SE 

1"  left  lateral 

0 + 68  to 
0 + 82 
(SW  Wall) 

N8W43NE 

26N30E 

N25K50NW 

N62E78NW 

lO'j"  left  lateral 
6V'  left  lateral 

0 + 66 
(NE  Wall) 

N51W60NE 

36S76E 

0 + 67 
(NE  Wall) 

N24W71NE 

6S27E 

V'  right 

lateral 

0 + 83 
(NE  Wall) 

N60W55NE 

2 375E 

V'left  lateral 

calculated  for  this  fault  from  the  above  data  is  18S2HK  whereas  the  iie  ' aii- 
of  the  slickensides  in  the  fault  plane  is  26N30K.  'n  order  to  explain  the  lak  -t 
coincidence  between  the  slickenside  direction  and  the  net  slip  direction  it  seems 
necessary  to  postulate  two  or  more  episodes  of  slip  at  different  times  and  in 
different  directions.  In  spite  of  the  uncertainty  concerning  the  nature  of  the 
movement  on  the  northwest  trending  faults,  they  appear  to  be  later  than  the 
Patterson  Creek  fault  because  they  cut  comb  quartz  veins  that  aie  genetically 
related  to  movement  on  the  Patterson  Creek  fault. 

in  conclusion,  I conld  find  no  evidence  for  recent  movement  along  the 
Patterson  Creek  fault.  The  boundary  between  the  A and  B soil  horizons  passes 
over  the  fault  zone  without  apparent  offset.  Crosscutting  relationships  exposed 
in  the  trench  suggest  that  the  Patterson  Creek  fault  is  inactive  and  is  cut  bv 
a younger  set  of  northwest  striking  faults  of  very  small  displacement.  The  age 
of  these  northwest  striking  faults  is  not  known.  The  continuity  of  northeast 
trending  geological  contacts  in  the  area  between  Clark  Hill  Reservoir  and 
Willington,  when  mapped  on  a scale  of  l : 24,000,  suggests  to  me  that  if  major 
northwest  trending  faults  are  present  in  this  area  their  strike  separation  is 
less  than  a few  hundred  feet. 

Please  let  me  know  if  I can  be  of  any  additional  assistance  in  this  matter. 

Sincerely  yours 

Donald  T.  Secor,  Jr. 
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Pet  togi  apm  c ana  or  X- 1 ay  dilluction  anal y s e s have  Seen  made  in  accoidanu  »r  III  CRO-C  I T 7 - 6 < end 
01  ID  1 1 10-?-  2000 . Thin  section  studies,  pet  (ogi  etihi  c oil  imrcatsion  studies,  and  megascopic  elimination 
hive  been  oeitoimed  as  uecessaiy  toi  evalultion  pioceduies  .mo  pho toai c logi aphs  ol  thin  sections.  ■ here 
applicable,  appear  as  liguns  in  the  repoit.  X - 1 a y dilluction  techniques,  it  applicable  to  this 
listing,  include  ethelene  glycol  and  heat  tieaimenl  ol  sedimented  slides  as  coi loborat i ve  diagnostic 
lists  to  the  poidet  press  technique,  and  X-ray  di I liactograms  appear  as  plates.  Other  tests  necessary 
lor  this  investigation  are  described  in  the  repoit. 

Detailed  patiographic  dasci  ipt  tons  and  peitment  lemarks  regaiding  acceptance  ol  individual  lock 
types,  soils,  ot  fine  aggregate  and  other  earth  materials  are  included  in  t lie  tables,  the  summaiy  beloi 
dissents  key  data  lesulting  lion  the  testing. 
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SUMMARY 


Pntrographlc  and  X-ray  diffraction  analyst*  of  two  (2)  rock  cores  from  Patterson 
Branch  Seismic  Zone  and  a field  sample  of  comb  atructured  vein  quarts  and  quarts 
braccta  from  a shear  rone  has  been  made  to  provlda  information  on  rock  fabric  for 
purpoaas  of  correlation  with  the  straaa  history  of  rock  formations  in  this  area. 

Tha  rock  core  from  59.3  to  60.2  feet  depth  of  boring  PB-7  is  a light  grey,  medium 
grained,  ademellite  gneiaa  (aee  Figure  1).  Mineral  compoaition  of  thla  rock,  baaad  on 
X-ray  diffraction  and  thin  aaction  analysis,  approximates  the  following  (see  Plate  1). 
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Thin  lection  analysis  reveals  an  lnt e r lock  1 ng -granu lar , granob 1 astir  trxrurp  o( 
average  1 ires  grain  lire  (see  Figure  2).  Although  minor  fragmentation  ol  minerals  la 
widespread,  this  rock  fabric  does  not  constitute  a <ata>  laatlc  texture.  Foliation 
la  not  apparent  In  this  granofels  gnalaa.  Twinning  of  feldspars  Indicates  varieties 
of  andeslne  and  ollRloclase  In  the  reassured  alblte  twlnnlnR  extinction  angles  ot  the 
plagloclase  feldspar  grains.  Microcllne  Is  the  K-feldspar  variety  as  disclosed  bv 
the  characteristic  "gr ld-1  ron"  twinning  of  this  mineral  (see  Figure  2).  Quartz  Is 
generally  finer  grained  than  the  feldspars  and  occurs  lnt er s t 1 tua 1 ly  between  feldspar. 
Ferromagnaelan  minerals  include  both  green  hornblende  and  black  blotlte  which  occur  In 
patchy  distribution  throughout  the  groundmass.  Porphyroblasts  of  hornblende  range  to 
5 mm  site.  Local  black  magnetite  and  pink  garnet  range  up  to  2 tm  grain  size  and  occur 
disseminated  as  minor  accessory  minerals  in  the  groundmass. 

The  rock  core  from  54.5  to  55.2  feet  depth  of  borlnR  PB-8  Is  s greenish  grey, 
fine  to  medium  grained,  foliated,  slightly  weathered,  cataclnsllc  textured,  hornblende 
granodlorlte  gneiss  (see  Figure  3).  Mineral  composition  of  this  rock  core,  based  on 
X-ray  dlftractlon  and  thin  section  analysis,  approximates  the  following  (see  Piste  2). 

Average  Percont  Mineral  Composition 


Plagloclase  Feldspar  35 

Quartz  30 

Hornblende  10 

Blotlte  10 

Chlorite  7 

Epldote  5 

Magnetite * 1 

Other  (Pyrlte,  ate.)  2 


Thin  section  analysis  reveals  a cataclastic  texture  comprised  of  s granulated 
groundmass  of  fragmented  and  rotated  feldspar,  quartz,  and  f erromagne* 1 an  minerals 
(see  FlRure  4).  Local  yellow  epldote  occurs  in  proximity  to  hornblende  and  chlorite 
In  the  groundmass.  This  rock  type  does  not  appear  to  be  a compositional  variety  of 
the  rock  core  from  boring  PB-7;  chief  differences  include  greater  and  more  varied 
ferromagnaelan  mlnerala,  lesaer  amounta  of  K-feldspar  and  more  abundant  plagloclase 
feldspar . 

The  tan,  brittle,  aurface  float  rock,  field  sample  PBHS-1,  obtained  from  the  zone 
postulated  by  Scheffler  (1976)  as  the  fault  zone  which  might  be  responsible  for  the 
1974  Mb  4.3  earthquake  southeast  of  th*  Richard  R . Russell  dam  site  Is  a corah  quartz 
and  quartz  breccia  specimen  (see  Figure  5).  This  rock  fits  the  description  of 
Scheffler's  "10-m  width  of  comb  quartz,  quartz  breccia,  and  quartz  mvlontte".  The 
quartz  breccia  could  be  described  as  a quartz  mylonlte  which  formed  «t  sn  earlier  time 
than  the  comb  quartz  which  occurs  In  the  mylonlte  host  rock  aa  a younger  feature  with 
distorted  quartz  crystala  facing  toward  the  canter  and  forming  the  quart*  structure 
(see  Figure  6).  Conley  and  Dnnaaond  (1965)  also  consider  such  mylonlte  with  corah 
quartz  to  be  a result  of  a brecclatlon  and  vain  filling  by  cryatalline  quartz  occurring 
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ranch  later  than  the  ray  lonl  1 1 r.at  t on . They  attribute  the  time  of  the  later  brecclatlon 
ot  the  ultramylonlte  aa  coincident  with  the  development  ol  the  Blue  Ridge  front  durlnR 
Tertiary  time  with  the  verdcal  movement  along  older  Trlaat-lc  faults.  The  reaaon  the 
Tertiary  age  is  assigned  Ilea  In  the  fact  that  one  ot  the  u 1 1 rainy  lonl  i e zone*  occur* 
at  the  baae  ol  rhe  Blue  Rldga  front  In  the  area  where  W.  A.  White  (1950)  proposed  the 
existence  of  a yerftary  normal  fault  that  can  be  traced  over  700  miles  by  following 
six  systematic  loft  handed  offset*  of  2 to  10  miles  displacement.  The  Trlasslc  age 

01  the  quartz  mvlontte,  which  Hcti  the  brecclated  quartz  and  comb  quart*,  la  assigned 
because  this  rock  1*  clearly  yo.  gar  than  the  latest  period  of  Inner  1’ledmont  defor- 
mation and  because  these  rocks  (a)  tranaect  regional  folds  and  tectonic  foliations, 

(b)  are  not  offset  by  younger  faults,  and  (c)  show  no  evidence  of  having  been  meta- 
morphosed. The  brecclatlon  and  vein  filling  producing  the  ccsab  structure  (figure  b) 
formed  at  a later  date  postulated  as  Tertlarv  time  which  seem*  reasonable  In  light  of 
existing  evidence  cited  and  that  It  is  coincident  with  development  of  the  Blue  Ridge 
front  of  Tertiary  time.  It  Is  worth  pointing  out,  however,  that  the  time  between  the 
Trlasslc  and  Tartlary  time,  approximately  115  million  years,  la  a long  duration  and 

the  Tertiary  age  conatltutlng  the  upper  time  Interval  comprlaea  nearly  60  million  years. 
Thu*,  th*  age  of  this  fault,  to  which  no  abaolute  date  has  been  assigned,  could  b«  very 
anc lent . 
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Figure  i.  Rock  core  of  grey,  medium  to  coarse  grained,  slightly 
weathered,  interlocking-granular  adamellite  gneiss  from  59.3 
to  60.2  feet  depth  of  boring  PB-7,  Patterson  Branch  Seismic 
Zone.  This  granoblastic  tedtured  rock  displays  but  minor 
metamorphic  characteristics.  (SADL  232/940). 


Figure  2.  Photomicrograph  (5CX,  Crossed  Nicols)  of  thin  section 
of  adamellite  gneiss  from  59.3  ft.  depth  of  boring  PB-7  showing 
interlocking  granoblastic  texture  and  discrete  albite  twinning 
(top)  in  plagioclase  feldspar  and  "grid-iron'1  twinning  in  micro 
cline  (lower  right).  (SADL  232/940) 
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Figure  3.  Hornblende  gneiss  from  54.5  to  53-3  reei  depth  > t 
boring  ?5-8,  Patterson  Branch  Seismi  Zone.  lark  1 1 ni'.it  ed 
minerals  consist  of  hornblende  biotite  ano  cl  lories-  in  a 
groundmass  of  feldspar  and  quartz.  The  genetic  classifi- 
cation of  this  rock  unit  is  hornblende  granodiotie  gneiss 
(SADL  232/941). 


* 


Figure  4.  Phoroini crograph  (50X  Crossed  Nicois)  oi  rhtn  section 
of  hornblende  gneiss  from  55  ieet  depth  of  boring  PB-8  showing 
granulated  nature  of  the  interlocking  granular  and  ilneated 
groundmass . Local  twinning  Is  observed  in  some  of  the  feldspar 
of  this  cataclastlc  textured  rock.  (SADL  212/941) 


Figure  5.  Quartz  vein  and  quartz  breccia  from  shear  zone  near 
Patterson  Branch  Seismic  Zone  with  quartz  vein  showing  comb 
structure  and  open  cavity  and  local  banded  quartz  (onyx). 
(SAUL  282/942) 


Figure  6.  Photomicrograph  (SOX,  Crossed  Nirols)  of  thin  section 
of  quartz  vein  shown  in  Figure  5.  Comb  structure  occurs  at 
right  angles  to  banding  in  this  fissure  filling  which  occurs  in 
the  most  deformed  rock  in  the  area.  (SADL  282/942). 
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h 1 p c< Jfllp  * t td. 

W.T.  JO  O' 

bain  Tla. 

Depth  to  v^ter 
during  drilling 


29.  9r 


l 


, ton  to  gray,  kaoline 
water  bearing  sands 
m tdii.il  grained  micac- 
eous sands 


NOTlj : Soil'-  ft. 
In  acoor Jan'o  . 
Soil  Classifier 


id 


■iflnd 


, tan  silt,  structured 
saprolite,  quartz- 
blotite-  hornblende- 
gnesiss 

roX us.iL  La  jsfLlAtsEoon. 

bottom  of  hole  29.9’ 


it 

*/t 
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* » — 


Ho/e  Ho  Pis-  ] 


DRILLING  LOG 


10  size  ano  type  of  bit  Standard  spilt  spoon 

11  DAtuM  FOR  ELTVAYiON  ?mOWN  (tflM  \m  MST) 


|2  LOCATION  (Coordm< 


Savannah  District 


|4  HOLE  NO  (Aa  ahuwn  on  dialing  till • 


IS  ELEVATION  GROUND  WATER  327.8 


P.  Roundtree 


6 DIRECT  lON  OF  HOLE 


| COMPL ET  ED 


TOTAL  core  rfcovery  for  boring 


8 depth  drilled  into  rock 


9 TOTAL  DEPTH  OF  HOLE 


William  E Hancock,  Geologist 


DIVISION 

1 INSTALL  ATION 

South  Atlantic 

| Richard  B Russell  Dam&  Lake 

DRILLING  LOG 


South  Htlantic 


■ Ian  LatUmuuk'.'  oiui  Hazard  Study 

**  ON  .miittatrm  < f Station) 


*"  A T ON  i ■luri/maian  or 

l'.i1,  Ll‘1.-»»i  Brar it  1 >_  Fa n 1 1 

N . * .1  N<  - 

> i district  

4 •«  ' i 1 N 1 A ■ ahoitfi  on  i ite»lng  title' 

mut  III*  manner! 


P . Roundtree 


In.  kn.  ' F OVERBURDEN 


: I PTH  : RiLl  EO  INTO  RO  . K 


' Al  Dl  PTH  OF  HOL  F 


:fPTH  L EGENO 


DEG  F ROM  VERT 


HoU  No.PB-5 


INSTALLATION  SHEET] 

Kit  hard  B Russell  Dam  and  Lake  of  shfets 
io  size  and  type  of  bit  st  an  Ja  rd  spl  it  spoon 
TT  o*Yum  FOfr  ?YT7XTT5n tto*H  fTfr* \*  MSt~) 

MS  L 

12  MANUF  ACT  URFR  S OF  SIGNA  TtON  OF  OR1L.L 

, JJA  Failing 

1 3 TOTAL  NO  Or  OVER  [DISTURBER  jUNDISTURBI 

BURDEN  SAMPLES  TAKFN 


|l  4 TOT  AL  NUMBER  CORF  BOXES 
IIS  ELEVATION  GROUND  WATER 


313.2' 


16  DATE  HOLE 


] 17.  ELE  VAT  ION  T )F'  OF  HOLE 


23iixi4iL2£»  ^ - 23Slip  L 2h. 

340.0'  


18  TOTAL  CORE  RECOVERY  FOR  BORING 
19.  SIGNA  T UR  e"oTTnSPEC  T OR 

William  E.  Hancock 


W. 


CLASSIFICATION  OF  MATERIALS 
(Description) 


, Tan,  silty  clayey  sand, 
fine  grained 

-variegated  tan, gray  and 
red 


X CORE  BOX  OR 
RECOV-  SAMPL E I 


REMARKS 

(Drilling  Time,  wain  lose,  •iepth  »»/ 
weathering,  etc.,  it  •ignit^paL. 


!b.t— arac 

Water  tabl3  roadlr 

Mrs.  after 

..  Jo  completed.. 


Cl.,  Tau,  gray  ami  red  lean 
clay,  sandy. 

-mottled  red  and  gray 

Cl  - Ml  .Mottled  tan  and  red 
micaceous  lean  clay  w/ 


/ ✓ J III  L 1 rlU'llUO 

'//X  lignitic 

i if  1 t \fl  _~Qr  • r-  .V  l , u 


m 


. Ml. -SC, Cray  kaollnc  sand 

layered  in  silt 

i 51  , ray,  ml  at  .'.ius  , ka  > l lne 

| sand  and  slit,  coarse 
grained  to  pea  gravel 
I , In  size  w/  lignite  layer: 
tan,  silt  layer 

j CM-  Ml  , i an  gravel  layered  witl 
silt.  Gravel  comes  in 
streaks 


silt,  tan  w/  occasional 
1 i gn ite  s t reaks ■ 

Green  to  tan  highly 
micaceous  saprolite. 

(s  t nu  t ure less ) 
refusual  to  splitspoon 

30.0’ 

Bottom  of  hole 


Data  / 

Depth  to  water 
during  drilling 


: Soilk  field  classified 
ccordarico  with  the  Unified 
Classification  System. 


IDRILUNG  LOG  (Cont  Sheet) 


elevation  rup  or  moii 


paoifCt 

Elevation 

*00* 


INSTALLATION 


nr 


Hole  No. 


SHEET 


• at  id  Klmiv 

CLASSIFICATION  OF  MATERIALS 

( l >t  unfit  hi"  I 


DEPTH 

h 


LEGEND 


Ju' 


Ml. 


cont  inued  ‘trom  page  1 . * 

, tan  sandy  silty  gravel 

, tan  silt  w/  some  rock 
fragments 

@ 33.0’  refusal  in 
silt  w saprolite  structure 
indicating  quartz-mica- 
hornblende  gneiss,  sapro- 
lite very  sandy,  tan  in 
color. 


Richard  B-  Russell  Dam  f,  l.akpl°' 

*/•  CORE  [BOX  OR  j REMARKS 

RECOV  SAMPLE  / Drilling  time  uj/c  /*»<  Jef>th  of 

ERY  NO  u fulbt  ring  eh  if  ugmfuant  t 

e f K 


Bottom  of  the  hole  at  34.5  ft 
elevation  of  bed  rock  307.5'. 
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AD-A043  049 


UNCLASSIFIED 


ARMY  engineer  DISTRICT  SAVANNAH  6A  F/6  0/11 

0EOLO0ICAL  AND  SEISMOLO0ICAL  EVALUATION  OF  EARTHQUAKE  HAZARDS  A--ETC (U) 
MAR  77  W E HANCOCK*  E F TITCOMB 


5 '"S 

AO  x~'' 

A043849 


01  VISION 


DRILLING  LOG 


1 PROJECT 

Design  Earthquake  and  Hazard  Study 

2 LOCATION  (Coordmmtaa  or  Station) 


3 DRILLING  AGENCY 

Savannah  District 

4 HOLE  NO  (Am  ahoam  on  drawing  till* 
and  tile  m mb  at) 

5.  NAME  OF  DRILLER 


INSTALLATION 

Richard  B Russell  Dam  and  Lake 

SHEET 

OF  SHEETS 

io  size  and  type  of  bit  NX  & standard 

spl  itspoon 

12  MANUFACTURER  S DESIGNATION  OF  DRILL 

314  Failin 


6 D I REX  T 1 0>40  F HOLE 

Kxbwi  VER  T1C  AL-  l I'nclinfd  

7 THICKNESS  OF  OVERBURDEN  36.0* 

8 DEPTH  DRILLED  INTO  ROCK  33.0 

9 TOTAL  DEPTH  OF  HOLE  69.0' 


DEG  FROM  VERT. 


ELEVATION  DEPTH  LEGEND 
O 0 k c 


19.  SIGNATURE  OF  INSPECTOR 

William  E Hancock 


CLASSIFICATION  OF  MATERIALS 
(Description) 


% CORE  BOX  OR  REMARKS 

RECOV-  SAMPLE  ( Drilling  tuna,  water  loam,  depth  of 
ERY  NO  weathering,  ate.,  tl  aignillc  ant) 


ML,  red,  clayey  silt 

CL,  red,  lean  clay  with  mica 


SC,  red,  fine  granular  sand 
like  saprolite. 

ML,  red,  silt,  powder 

saprolite,  structureless 


Water  tabl*  raadin* 
211-  hrs.  after 

hole  completed. 


r\~  ':r  £ v Sapt  100/. 9 

Depth  to  water 

curing  drill  lag  ^100/.  9' 

c/ec  j’n'c  Sort  ' 

/ SH 


-,,green  grey,  structure 
ferromagnesiums 


- green  gray,  structure 
biotite 


'SC,  white  to  pink  granular 
clayey  saprolite, 
pegmatite,  qtz.&  fldspr. 

* 

ML,  green,  structureless 
saprolite 

continued  on  page  2- 

N0TE:  Soils  field  classified 
in  accordance  with  tho  Unifiel 
Soil  Classification  Systea., 


60 

61 

100/. 8’ 
100/1. 
100/. 5' 

100/. 6 
100/. 6 
100/. 5 
100/. 1 
100/. 9 
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DRILLING  LOG  (Coni  Sheet) 

PROJECT 


IlFVAIION  TOP  Of  MOU 


Hole  No. 


_ PB  -7 
TiHIll 


Design  Earthquake  and  Hazard  Study  Richard  B Russell  Dam  and  Lake  |p, Ihiiu, 


ELEVATION  I DEPTH  j legend 

- J I30b  L*J 


CLASSIFICATION  OF  MATERIALS 

( I )|U  r, pi  ion  ) 


,ML,  green  saprolite,  silt 
structureless 


% CORE 
RECOV  | 
IRY 
c 

, —4 

sox  or; 

SAMPLE  , 
NO  j 
f 

REMARKS 

( Drillimi;  nmt  uultr  /«/»».  dtplh  of 
utaihinnn  tl>  »/  I / 

[ 8 

•— * 
O 

o 
— , 

J 

I 

23 

[ 

o 

o 

1 

1 ] 

24 

100/. 1' 

FM  36.0'  to  59.0' 
hole  was  advanced  with  rock 
i bit  and  catch  samples  from 
! drilling  mud  was  used  to 
! check  continunity  in  stratum 


scale  change?  36.0' 


'<  i ' -l 

I - M 


Biot  it  e-hornblende-quartz- 
feldspar-  gneiss,  granitic  i 
cexture , slightly  lineated 
with  a number  of  high  angle  94 
fractures.  Pegmatite 
lens  near  bottom  of  hole  ! 


'EM  59.0'  lo  69.0' 
Run  10.0' 
iRec  9.4' 

CL  0.6' 

|RDQ  96% 


bottom  of  hole  washed  hjole  cljean  @ lend  of  48  hrs 
w.t.  stood  at  j50 . 0 ' j 


t'OTE:  Cc'Jf!  field  I'issifiedi 
in  aeccrufnco  with  tho  Unified 
Soil  Classification  System,. 


Sample  sent  to  SAD 
Jaborartoy  for  petrographi 
iteport 
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Hole  No.  PH- 8 


J 


DRILLING  LOG  (Coni  Sheet) 


ELEVATION  TOP  Of  HOLE 


DEPTH  LEGEND 


nd  Hazard  Study  1 RICHARD  B 

CLASSIFICATION  Of  MATERIALS 

( Ueunpiion  l 

scale  change  30 . 0 

augered  out  to  31. Q' 

Hornblende  gneiss,  salt  and 
pepper  color,  vary  saprolitic 
I and  altered  in  most  of  the 
I recovered  core. 


Hole  No.  ph- 8 

SULLATON  SHEET  2 

RICHARD  B RUSSELL  DAM  AND  LAKE jo*  sheets 

L7EMALS  I % CORE  IbOX  OR)  REMARKS 


RECOV  SAMPLE 


REMARKS 

(l)rilln$t ; time  ualtr  /*»*.  depth  uf 
tit  . tf  i ntHifttun: ) 


Pull  l 

FM  31.0'  TO  41.0' 
Run  10.0' 

Rec  1.4' 

CL  8.6' 

Recovery  14  % 

RDQ  0 


Pull  2 

FM  41.0'  TO  49.9' 
Run  8.9' 

REC  1.0' 

CL  7.9' 

Recovery  11% 

RDQ  0 


50  -1 

-J  X 


1 V v 


***  I 

K 


55^jv'/  Quartz-  feldspar-hornblende  j 

1 ^ gneiss,  sound  rock, 

iv  granitic  texture,  and  color.  | 

1 v vi 


60 V V 

Z v v ! 
h v v I 


Bottom  of  hole  at  61.5  1 | 

BOTE:  Sol  ■£■  F,r  • ; . •nif.le.i 

I In  acccr'-'pce  v i i h tlia  Unified 
l Soil  Classification  System. 
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Pull  3 

i FM  49.9’  To  51.5’ 

FTlost  due  to  bit  raalfunc 

! 2 

Pull  4 

j FM  51.5’  To  61.5’ 

Run  10.0' 

Rec  8.4' 

CL  1.6' 

Recovery  84% 

RDQ  72 


(***  Saknple  sent  to  SAD  Lab 
fojr  petrographic  report 


l ion 


i 


i 


Hal*  He. 


PB-9 


DRILLING  LOG 


South  Atlantic 


Design  Earthquake  and  Hazard  Study 

2.  LOCATION  (Cootdmaf  JTStaliorU 


}.  DRILLING  AGENCY 

4 HOLE  NO  Mg  mho  wn  on  dr  owing 
mnd  til • nunbw) 

S.  NAME  Of  DRILLER 


6 DIRECTION  OF  HOLE 

](X^ERTIC*L  l^]lNCLINEO  

7.  THICKNESS  OF  OVERBUROFN  22.5* 

B.  OEPTH  DRILLED  INTO  ROCK  43.5* 

9.  TOTAL  DEPTH  OF  HOLE  7 1 * 0 * 


lELFVATlON  DEPTH  LEGEND 


INSTALLATION  SHEET 

Richard  B Russell  Dam  & Lake  of  2 Sheets 

10.  SHE  AND  TYPF  OF  BIT  Rn  j | r «nnon/v  NX 
Ti~BAf  un  for^Ti  r v A t i o n Shown  aril* <T  MSL) 

MSL 

12  MANUFACTURER  S DESIGNATION  OF  DRILL 

314  F ai 1 i nfl 

IJ.  TOTAL  NO  OF  OVER  |di»turbed  ; UNOUTURBED 

BURDEN  SAMPLES  TAKEN  • 


14.  TOTAL  NUMBER  CORE  BOXES 

IS-  ELEVATION  GROUND  WATER  3ZIZ' 


OF  G . FROM  VERT. 


t«  DATE  MOLE 


•STARTED  | COMPLETED 

i 27  Sept  76  ; 27  Sept  76 


17  ELEVATION  TOP  OF  HOLE 


33*2 


18.  TOTAL  CORE  RECOVERY  FOR  BORING 

19.  SIGNATURE  OF  INSPECTOR 


CLASSIFICATION  OF  MATERIALS 
(Description) 


Dan  Waltz 

X CORE  BOX  OR  REMARKS 

RECOV-  SAMPLE  ( Drilling  time,  wmter  loss,  depth  ot 

ERY  NO  weelher tng,  stc.,  it  significant) 

« ! 9 


ML,  Brown  to  black  silt  w/ 
nodules  of  wad 


/8  o' 


CL,  red  to  gray  brown  lean 
1 clayey  sand 


Date. 

Depth  to  water 
during  drilling 


Ml,  red  silt  with  some 
sand  and  mica 


V.'.T  .3-$- 

Water  table  reading 

hrs.  after: 

hole  completed. 


^GC,  gray  brown,  clayey 
gravel  with  sand. 

pebble  size. 

SC,  gray  brown,  clayey  sand 


SP,  brown,  coarse  grain 
sand 

ML,  lean  silt,  brown 

resembles  saprolite 


hole  caved  in  to  10' 
moved  over, cased  to 
19.5'  and  continued 


saprolite,  quartz- feldsp ir 
biotite,  hornblende 
gneiss 

continued  on  page  2 
NOTE:  Sollg  field  classified 
in  accordance  with  the  Unlflsd 
Soil  Classification  System. 
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. ,,  . . IlfVATION  TOP  O'  HOlt 

DRILLING  LOG  (Cont  Sh««()| 

”°l,cki  chard  R Russell  Dam  and  Lake 


Hole  No.  PH  -y 

iTtQN  I SHI  ( T 

Design  Earthquake  and  Hazard 


ELEVATION  DEPTH  LEGEND  | 


CLASSIFICATION  Of  MATERIALS  ” * CORE  *°*  J?.* 

, RECOV  SAMPLE 


i Dr 1 1 lid 30. 01  to  61.0' 
checked  subsurface  every  10' 
with  drive. 


Quartz 


-b tot ite-fe Idspar-hornbjlende  jgnelssl 


remarks 

( Dri/lim#  nmt.  ujler  lull.  drpi*'  u f 
uta!h,nnfc  Hi  . if  m tmifuwt 


1 — --r- 

/ ~ \ * l 

/ t * 

£ 1 ^£2 

Quartz-h  lot  i te-fe  Idspar-hornbjlende 

^nel  9S 

1 

1 

r'*  ' 

t i :J* 

If  < 

ljuart  z-fe  1 dspar-biotlte- 
hornblende  pneiss,  weathered 
badly. 

20% 

1 

Pull  1 

EM  6 1 . 0' -71 . 0* 
Run  10.0' 

Rer  2.0’ 
loss  8.0' 

\ 

\ 

\ 

bottom  of  hole  71.0* 

1 

) 

! 

1 

f'TR:  So  r,^<l  cl nrnlf led' 

®°®®x  V »Oh  tho  Uni f lid 
ooil  Uu.... if  ication  System. 
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RICHARD  6.  RUSSELL  DAM 


I 


SAVANNAH  RIVER 
HIGH  LEVEL  terrace 


(=>#QUND  t 'Vf 


CL  ARK  HO.L  LAKE 
330£  5'  mSL 


VJ<o°lV 

t-o&oM'On 

S/60n< 

60A/£ 


'ntUilAlCT!£  of  MCA 


r<rjw  cruhrwd 


CONTOUR  INTER- 
C5  FEET 
CATUM  MSL  , 


N 6 7 E 

APPROXIMATE  STRIKE 


FLINTY  CRUSHED  QUARTZ 


o M 0 '".UMwS  !fT>  ^CTJL 
5 - otu  cuMAuSt  auaajbj  .n 

ai.zrtue./loot  'ZOcF  * 


. JjCixxji  yrr&  ckjum: 
t 'Zxp/lty  ■ sCl/7w£_  .ML/> 
iO//%  i *jt  /S'/S.'oes-  r£ar 

fordo  CmW  1XXX  _ 

~ CMMJ  . j J.  rni-rU2sJi<X 

L!W£ 


•---  * * 


fattens?  8 rsncfc  Fav/h 
fng/neer/na  6eo/oq  t Vafi 
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SECTION  F 

BELAIR  FAULT-  SUPPORTION  DOCUMENTATION 


DEPARTMENT  ol  the  INTERIOR 


news  release 


GEOLOGICAL  SURVEY  Frank  Forrester  (703)  860-7444 

For  release:  November  18.  1976 


FAULT  MOVEMENT  IN  GEORGIA  NOT  AS  RECENT  AS  RELIEVED 


New  studies  of  the  Belair  fault  zone  near  Augusta,  Ga.,  indicate 
that  movement  along  the  fault  may  not  have  taken  place  within  the  last 
2,500  years  as  previously  concluded.  Nevertheless,  movement  is  known 
to  have  occurred  sometime  within  the  last  50  million  years,  the  U.S. 
Geological  Survey,  Department  of  the  Interior,  said  today. 

The  new  data  casts  doubt  on  the  significance  of  radiocarbon  dates  of 
organic  matter  in  sediments  cut  by  one  of  the  faults  in  the  Belair  fault 
zone.  It  now  appears  that  the  dated  material  may  have  been  contaminated 
by  modern  tree  roots  and  that  the  enclosing  sediments  may  not  be  as  young 
as  originally  thought. 

Recent  studies  — including  the  detailed  examination  of  a new  trench 
400  feet  long  and  15  feet  deep  dug  across  the  fault  zone  this  past  October  — 
indicate  that  the  organic  matter  which  was  dated  in  an  earlier  study  (USGS 
Open  File  Report  75-680  announced  by  press  release  of  January  12,  1976) 
did  not  give  a reliable  age  on  the  last  movement  of  the  fault. 

The  importance  of  determining  fault  movements  in  parts  of  the  eastern 
United  States  was  emphasized  by  Dr.  Henry  Coulter,  USGS  Assistant  Director 
for  Environmental  Conservation  at  the  Survey's  National  Center,  Reston,  Va. 

"Recent  movement  along  such  faults,"  Coulter  said,  "would  have 
significant  scientific  and  engineering  implications.  It  is  important  to 
identify  and  determine  the  geographic  distribution  of  geologic  processes 
that  might  affect  the  safe  siting  of  nuclear  power  reactors  and  other 
large  engineered  structures. 

"The  findings  earlier  this  year  indicating  recent  movement  along  the 
Belair  fault  zone  were  most  unusual,"  Coulter  said,  "because  most  fault 
movements  in  the  southeastern  United  States  are  believed  to  be  older  than 
180  million  years.  The  new  studies  cast  doubt  on  the  evidence  for  very 
recent  movement." 
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Coulter  said  that  studies  of  the  Belair  fault  zone  are  still  continuing 
in  efforts  to  bracket  more  closely  the  age  of  the  last  movement  along  the 
fault  zone.  "At  present,"  he  said,  "we  can  only  conclude  that  the  fault 
moved  sometime  after  the  Eocene  (about  50  million  years  ago). 

"This  new  evidence,"  Coulter  said,  "emphasizes  the  need  to  better 
understand  the  tectonic  framework  and  relationships  in  the  eastern  United 
States,  and  to  try  to  determine  if  such  faulting  occurred  as  distinct 
seismic  events  or  as  slow,  continuous  movement.  No  clearcut  relationship 
between  faulting  and  earthquakes  has  been  determined  in  the  eastern  States 
such  as  has  been  established  in  California  and  other  western  States." 

Coulter  said  that  additional  geologic  mapping  and  investigations  are 
continuing  throughout  the  area  surrounding  the  Belair  fault  zone.  Current 
efforts,  he  said,  involve  a variety  of  techniques,  including  structural 
analysis,  magnetostratigraphy,  and  detailed  analysis  of  soils,  to  determine 
the  age  of  the  oldest  undisturbed  material  resting  on  the  fault. 

Coulter  said  the  USGS  plans  to  release  a detailed  map  of  the  wall 
of  the  October  trench  in  the  near  future.  The  map  will  show  relative 
positions  of  the  faults.  Piedmont  rocks,  Coastal  Plain  sediments,  and  the 
overlying  sediments  and  soils  as  they  were  mapped  in  the  trench  wall. 

Studies  of  the  Belair  fault  zone  are  part  of  the  U.S.  Geological  Survey's 
Reactor  Hazards  Research  Program,  aimed  at  obtaining  data  that  will  be  helpful 
to  the  public  and  government  agencies  involved  in  making  decisions  concerning 
the  design,  siting,  and  construction  of  large  structures. 


it  it  It  it 

(See  attached  map  showing  location 
of  Belair  fault  zone.) 
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EN-F ~ 

Fort  Qordsp,  M,  betel  r Fee  It 

XX  THRU  Elk-F 

Elf-Fb 

4 Mar  76 

Mr.  TI«on*/<W31I 


TO  EN 

1.  In  1974,  Bpjc*  O'Conner,  who  mbs  then  ef  the  Qoorgto  State  Geological  Survey, 
discovered  • fault  In  the  Belelr  chete  pit  of  the  Georgia  Vitrified  Brick  and 
Clay  Company.  This  pit  Is  located  adjacent  te  Gate  Me.  1 (Mclenna  Gate)  ef 

Fort  Gordon  Since  that  tine,  the  U.  S.  Geological  Survey,  In  cooperation  w!tS 
t!  » C<;orgfa  State  Survey,  lias  beg t/n  an  extensive  Investigation,  Including  borlxgs 
tai-an  on  Fort  Gordon.  The  studies  which  they  hawe  depleted  Indicate  oovewant 
along  this  fault  In  the  last  2,500  years  aad  possibly  as  nuch  as  9’  of  nrnvetaent 
In  the  last  fOO  years.  The  fault  does  not  occur  as  one  straight  plana  but  consists 
of  offsets  and  s series  of  an  echelon  fault  plates.  Far  this  reason  It  has  not 
bean  possible  to  precisely  predict  the  exact  facet ten  of  the  foul t In  any  area 
which  has  not  been  extensively  Investigated  (see  the  attached  fatter),  .'lowovsr. 
the  fault  reportedly  does  extend  either  under  or  very  close  be  the  new  Elsenhower 
iospltal.  It  Is  the  opinion  of  the  prlaclpal  USCS  Investigator,  Dr.  David  Prewetl, 
tf-at  the  fault  does  not  trend  under  the  beep ( tat  but  Is  slightly  west  af  the 
hospital  as  shown  on  the  attached  sketch. 

2.  In  light  of  the  above  It  Is  planned  to  carry  several  of  the  borings  to  be  aedc 
for  tie  Fort  Gordon  keg  Iona  I Dental  Clinic  (now  proposed  to  be  located  southwest 
of  the  liospttel)  retch  1 tapper  than  we  would  have  norsally.  In  addition,  I 
rocomend  that  If  funds  can  be  wade  aval  table  (oppress  feetefy  $9,«W).  seveiol 
■i«p  borings  should  be  made  In  the  vicinity  of  the  hospital.  Via  should  also  cor  • 
tli'ue  to  cooperate  with  Doctors  Prows  11  and  G ' Conner  *0  that  wa  nay  have  access 

to  the  I r most  recant  opinions  concerning  the  possibility  of  movement  along  the 
fault. 

’.  This.  In  sty  opinion.  Is  a islnfrsxs  that  the  District  should  do  to  be  on  top  of 
the  latest  thinking  of  t!ia  rasaarcliars  working  In  t'xs  area.  There  have  beer,  a 
r.ssb  of  'lews paper  articles  recently  concerning  earthquakes  and  faults  In  the 
C lari.  Ill  Reservoir  area  and  wa  nay  be  questioned  concerning  till*  Delair  Fault  and 
tl«  possibility  of  danger  to  the  Elsenhower  hospital.  Tbit  will  eld  us  la  having 
our  reply  ready. 


i ’"c'  ROBERT  G.  STRMSF  I ELD 

85  Acting,  Chief,  Geology  Section 

CF: 

Ef-’-MA,  Attn:  Hr.  McKern  I e 
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United  States  Department  of  the  Interior 

ca.oi.i nacAi.  m k\  i1v 

ki'.sh  )N,  \ 1 1<( a\i  \ •„■•.'( m 

Stop  920 

February  18,  1970 


Earl  Titcombe 

Savannah  District  Corps  of  Engineers 
P.  0.  Box  889 
Savannah,  Georgia  31402 

Dear  Earl: 


I am  writing  you  in  response  to  a call  I got  from  Bruce  O'Connor 
concerning  the  location  of  the  Belair  Fault  on  Fort  Gordon  in  Augusta. 
Since  the  U.S.G.S.  did  most  of  the  drilling,  I am  answering  your 
request . 

The  enclosed  map  is  a composite  of  the  Grovetown  and  Augusta  West  7.5 
minute  topographic  maps  showing  the  locations  of  strategic  drill  holes. 

The  red  numbers  represent  the  elevation  (above  sea  level)  of  the  Pied- 
mont-Coastal Plain  unconformity.  This  should  enable  you  to  approximate 
the  elevation  of  the  unconformity  in  the  area  of  your  test  drilling. 

The  vertical  displacement  on  the  fault  north  of  the  golf  course  should 
be  about  45  to  50  feet.  I do  not  think  that  you  will  have  any  difficulty 
in  determining  whether  you  are  on  the  up  or  down  side.  You  may,  however, 
find  it  difficult  to  determine  where  the  fault  cuts  the  surface  without 
extensive  investigation.  I have  drawn  a dashed  yellow  line  on  the  map 
to  indicate  where  I think  the  fault  is  located  assuming  it  is  a straight 
single  shear.  I urge  that  you  use  caution  in  determining  the  specific 
location  of  the  fault  from  our  data. 

I am  very  interested  in  the  results  of  your  drilling  and  I -would  appre- 
ciate having  copies  of  the  well  logs.  Also,  any  material  that  you  recover 
which  might  contain  spores  or  pollen,  we  would  like  to  analyze.  If  I can 
be  of  further  assistance  to  you,  feel  free  to  contact  me  at  703-860-6462. 


Yours 


truly, 

• (y/ 

T.  I 


David  Prowell 


F.ncl . 
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*.  CORF  BOX  OR 
Kicov  | sample 
ERY  NO 


REMARKS 


CLASSIFICATION  OF  MATERIALS 


(lit  ill  mg  hut  i 
u tuthtnng  ri< 


DEPTH 


LEGEND 


Slows 


Sp  - orange, 

Poo*  L Y GRADED  SAND 


Not  s 


CL  - MO  TTL  EL  P£C  AND  WHITS 
A POL/AI  CLAY,  SOPT  AND 
CP  AC  AY  WHEN  PRY 


CO  A IPO  3 SO 


Poll  *p  2. 
31  O'  to 
Pop  55' 
CL  /.  s ' 


PULL  t*  3 
44.  S'  To 
Run  3.  S' 
CL  /.  4 ' 


Red,  white,  popple,  micaceous 


white  micaceous 


PURPLE  , MICACEOUS , SOME 
PINE  SAND 


SM- LIGHT  GRAY, 

OTEVHJM  To  C OARSE 

Sutv,  Micaceous  sand 


PULL 

SS.  O 1 TO 
Run  5 O'  . 
Cl  i,4 ' 


LIGHT  gray 


CL  - WHITE  W/TH  ORANGE 

mottling , kaolin  cl 


PULL  **  6 CONTINUED 
C&.O'  TO  73.0' 


CONTINUED 


DRILLING  LOG  (Conf  Sheet)  K,v*"°N  '°1'  °' 

HOLF 

4?£.  4 

Hole  No  CS-.  ? 

MIOJCCT 

i INSTALLATION 

SMEfl  2. 

DENJAL  CLINIC _ 

_ PI  . Gordon 

OF  Q SHEETS 

DRILLING  LOG  (Con*  Sheet)!'1'''*"0"  '°'  “ 

HOU 

4 78.  4 

Hole  No.  CS-3 

PROJECT 

INSTALLATION 

Ishih  3 

_ dental  clinic 

FT.  GORDON,  GA. r_ 

[o»_J__SNf|iS 

ELEVATION  | DEPTH  j LEGEND 
a b-tfb  1 t 

r v / / > 


CLASSIf ICATION  OF  MATERIALS 

I l npiloM  ) 

d 

CL-  WH/Te  WITH  0**M6€ 

MOTTLING / KAOLIN  CLAY 


RECOV  I SAMPLE 
1 ERY  I NO  | 


( l h ill  in  g lime  ualrr  lu>  Jifilh  of 
utalhtung  r/i  «/  ugnifi>uni  / 


LIGHT  BROWN 

GRAY  WITH  ORANGE 
Mottling , some  f/ne 
sand 


sm~  light  gray, 

MEDIUM  To  COARSE 

Micaceous  silty  sand 

ANGULAR  ' 


RUN  S.  0 ‘ Rec  3.  9 ' 
CL  /.  / ' 

1 PULL  **<7 
73.0'  TO  76.0 1 
Run  s.o'  Rec  4.4‘ 
CL  O.  6 < 


PULL  & /O 

'78  0'  TO  83.0' 

Run  s.o'  Rec  s.S' 
CG  O.s' 

Pull  #H 
33.0'  to  88.0' 

Run  s.o'  rec  a. 4' 
cl  o-O’ 


* CL- GRAY  WITH  red 
' MOTTLING / WITH  MEDIUM 
' To  COARSE  SANO  “2. 

' gray,  lenses  of  coarse  Quartz  sand 

Srn-  gray,  mottled  orange 
SANO  , MICACEOUS , siltY/ 
medium ' INTERLAYEAED  ' -js 

W/TH  COARSE  SANDS  AND 

gravels  ano  cl  Kaolin 
Clay 

\cc-  WHITE , ; 

< micaceous,  kaouN,  clay  yg 

SM-  GRAY, 

Fine  to  medium  , silty 

SAND,  WITH  SOME  GRAVELS 

AND  COARSE  SANDS 

VERY  OUCAC  EOUS , trace  76 

OF  heavy  minerals 

Some  organics  f _ 


Continued  on  sheet  *4  — 


Pull  **y 2 

88. o'  TO  93.0' 

Run  s.o'  rec  4.6' 
CL  0.4.' 

PULL  re/3 

93.  O'  TO  Ag,  o 1 

Run  so'  rec  /.S' 
CL  3.2' 

Pull  **  14 
98.0'  TO  10I.S ' 

Run  3. s'  rec  2.7' 
CL  0.8' 

Pul  l **  /s 
IOI.  s'  to  106.  s' 
Run  s.o'  rec  3.8' 
cl  /.  2 ' 


PULL  *t/6 

sox  1 06. s'  to  m. s' 

9 RUN  S.O'  REC  S.4  ’ 
CG  0.4' 
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J ELEVATION  TOP  OE  HOI* 

DRILLING  LOG  (Cont  Sheet) 

2 PA  4 Hol«  No  &l 

— 
>2  —J 

PROJECT 

VLtiTBL  CUMLC.  , 

INSTAUATION 

. ft.  gorqon  , SA.  . 

V..-  y 
<0  Q SHEETS 

['.END 


ns 


120 


I l)tu  ripiioH  ) 

d 

-5/’)  - gray 

PlH£  TO  medium  SILTV 

SfHtD,  ty/th  some  gray  els 
*NU  coa*S€  SANDS 

Ve*y  "'crceous, 

0P  kE»™  RUnerals 

Some  organic  s ' 


RECOV 
i 6RY 


71, 


12s  ; fU 


■ »j 


ISO 


>3C 


14-0 


/4S 


/So 


— \ML~  LIGHT  BRoWN 


1 


, Sm-  gray, 

PINE  To  MEDIUM  . S/try 
MICACEOUS;  SAME  ' 


BLACK  TO  DARK  BRoWN, 

ox  same  silts,  f/ne  to  medium 
SANDS,  ROOTS  AND  mood  CHIPS 

tNTBRBEDBEO  COM  TACT  WITH  ' 

shnd  (c**aon  pore 

LIGHT  CRAY, 

FINE  To  MEDIUM , 

Silty  micaceous 


mz‘  - /sy.s-‘ 
SOME  ORANGE 


ST  Rears 


-CONT/NueO  OH  SHEE  T **  S 


App  3 
10  of  2 3 
Sec l i on  F 

H 1 


j sample 
NO 
i 


1 1 trilling  lin. 


Box 

9 


80 


<16 


24 


Box 

to 


94 


6e 


9o 


Box 

12 


PULL  **/i>  COHT! HOLD 


BOX 

II 


POLL  * 22- 

box  /*b'-5"  TO  /s,  s'  . 
°v*  Run  ST. o'  REC  4.S 

'P  \CL  O.S~' 


Pull 

*/7 

III  S 

' To  UR,. s' 

Bum 

So‘  REC  3. S' 

CL 

12' 

PULL 

**/S 

U(,.S 

' TO 

121  S ' 

Run 

So' 

Rec  4.o' 

CL 

/.  o' 

PUL  L **  / 

9 

121.  S ' TO 

126.  S' 

RUN 

s.o' 

RETC  4.8' 

CL 

O.  2.  ' 

PULL 

**20 

!2(>.S'  To 

131.  S ’ 

Run 

S.o' 

REC  z.2.' 

CL 

3. s' 

pull 

* 2 1 

\ 131.  S ' To 

I36.S  ' 

Rum 

S.O  ' 

REC  4.7I 

cl 

0-3  1 

PULL 

**22 

I3L.S1  To 

I4/.S' 

• Pun 

S.O' 

RCC  2 .3' 

CL 

2.  7 ' 

• Pull  **23 

1/4/.  S'  To 

/4P..S  ' 

RuN 

S.O  ' 

REC  3. 4 ' 

CL 

| 

/.6  ' 

i .j’0,  f 


>2".  ' — 44  "♦ 


4 


* -m. 


DRILLING  LOG  (Cont  Sheet) 

PROJECT 

DENTAL.  nLlhtm 

ELEVATION  DEPTH  LEGEND  | 


HtVAllON  IQP  OF  HOil 


St7£.  4 

INSTALLATION 


CLASSIFICATION  OF  MATERIALS 

( Itfuupliou) 


/**'- 


sm-  LIGHT  GRAY,  micACCoos 
p me  to  MEDiur*'  s/LTy  \ 
14  7.2'  - ISI.  s ' SO/»E  ORANG  £ 


* m/th  opang  e.  stpeaps, 

A KROLI  N CLAY 

i 

MH- LIGHT  SRoy/N, 

Sop t,  wet  silt 

Sm-  LIGHT  GPAY, 

Flue  to  /be  diuni  g /mined 
Silty,  miCAceous , send/ 
Some  kaolin  clay  balls 
UP  To  »»*eren 


% CORE 
RECOV 
tRY 
e 

SOX  OR 
SAMPLE 
NO 
f 

10 

Bo% 

13 

Go 

Bo% 

14- 

Hole  No.  £ $ j 

«•>«’  S 

OF  f SHCffS 

REMARKS 

I Drilling  lumt  uater  /«.  Jiplh  »t 
14  talht  ring  elt  •/  Hgttlfl.  uni  I 

K 

Poll  **24  Continued 

Pull  **2£ 

ISI. s'  td  ISL-S' 

Pun  So'  Pec  4.  S'' 
cl  o.s-' 

POLL  **26 

ISI,.  S'  TO  161.  £< 

Pun  sx> ' xec  j.  o ' 

CL  2.0' 

Pull  **27 
ILFS’1  To  166. S' 
pom  s.  o ' pec  s / , 
CS  0.6  • 


Box  PuLL  *28 

IS  JCC.S'  To  I ?/. s' 

Fou  s.  o ' pec  s s ' 
Cc>  C.s' 

PULL  **24 
1 71.  S'  TO  I76«S‘ 

Bot  s ° ' Pec  4.  (,  ' 


Pine  & Pavel  * eery  coarse  sand 
' CL-  GRAY.  Mottled  yellow  hard  , 

►— \ interval  ntz'- 171.3'  ICO 

\ POPPLE  U NOE  4 lain  BY  nhtte 
, \ Jo"  TO /NT 

' DARK  pEO/  SOME  OK  AN  BE 

' AnD  UNITE  mottling 


IcU-  BXow'R  * WHITE,  kaolin  clay 

NITU  COARSE  QUART*.  SANE 

TCL-  ORAHtE,  KAOLIN  CLAY,  NlCPCCOUi  t 
I HYITH  mPo/DM  To  COARsB  (fVAATZ  £APO 

/ POAPLC  ANO  UNITE 

■L— CONTINUED  ON  SHEET  **  O 


PULL  **30 
1 76.  S'  TO  ISIS' 
RUN  £.0 ' EEC  c 2' 
CG  0.2  ' 


Pull  **3> 

ISI.  S ' to  /06.  s ' 

26  o°*  run  s.o ' pec  /.3' 

17  cl  37' 


Pull  **32 
1 86.  S'  To  ills' 
Run  s.o'  pec  3.1' 

CL  1.4' 
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DRILLING  LOG  (Coni  Sheet) 

4-78.  4-  

Hole  No.  Cl 

1:3 

PtO»€CT 

UtN/AL  . CluM  i C _ 

INSTALLATION 

'-.A.  

SHffl  £ 

of  shuts 

Hf*  AT  ION  DEPTH  LEGEND 

• M' 


I l >m  nfilion  ) 

d 

cl-vuiplc  + tonne 


I RECOv 
i CRY 


• SAMPLE  1 
. NO 

I f ; 


( I )r  illing  lift 
u tNthtrmg 


uln  !;<  J /[>!>•  ■! 

•I  uitnifiiUHl i 


Pull  **32  Continued 


20  0 


2oi' 


210  I ' 


2 1 S' 


220 


con  tinulq 


22S 


230  4-1 


sm- light  caay  To  light 
Purple t meoiuir  jo  cine 
Gk A/NEO,  j/LTy  a/ic accrue 
SRMO,  LENSES  OE  CH 


92 


Pull  **33 

191.  S'  To  /98.S' 

BOX  *UN  5 0 ' /?LC  4 8' 

18  CL  0.4' 


LIGHT  GROT  /rtoTTLCb  ORANGE, 
nvc ncLous , send,  /NreARevDeo 
With  Slut  quarts  gravels  On 
UP  TO  l'/2"  DIAMETER. 


li Ant  gray,  some  / '/z" 
DmmETER  QUARTZ.  GRAVELS  “ 


73 


IPon  StaineO 
THIN  ORANGE  Sm  LAYERS 


22 


0T  inter  vale : 2H.S ' TO  2//1' 
2/2.7'  TO  2/3  0' 
213.7'  TO  2/3.  f'  a a 

2'14‘ ro  2/rs\  38 


too 


44 


THIN  CLAY  LEASE  at  227. 3 1 ' 
-CONTINUE0  ON  SHEET  **7  ~ 


42 


..  I.-'-.:::.- 


■-  r n —•  • • 


A . ■**  I 


; 

PULL  ** 34 
!98.S'  TO  2.0/.  s' 

Pun  s.o  ' rec  4s' 

CL  o.S" 

Pull  **3S 
2of.  s ' To  208.  s ’ 
Pun  s.o'  pec  4-t' 
cl  o.  / ' 

Pull  **38 
2o8.  S'  To  27/.  S' 
PuN  s.  o ' # EC  / / ' 

CL  J,  f ' 

PULL  **37 
2 //.S'  TO  2/8.S ' 
PON  s.o'  pEC  4.4' 
CL  0.8' 

PULL  **38 

2/8.  S'  TO  22/.  S' 

PuN  S.O'  PEC  s.o' 

1 

1 

Box 

2/ 

poll  **39 
22/.  S'  To  2 28. s' 
PuN  s.  o ' Pec  2 2 ' 
CL  2. S' 

Pull  **  4s 
2 28.  s'  To  23/.  s' 
PuN  S.o'  ACC  2./' 
Cl  2 9' 

. _ _ . . J ELEVATION  TOP  Of  HOU 

DRILLING  LOG  (Cont  Sheet) 

4 2d.  4 Hole  No.  ^ 

$-  .2  . 

PPOJL  I 

INSTALLATION 

.FT.  LtONQoN , Q/>.  , 

SUIT  » 7 

o»  y SHfni 

ELEVATION  depth  legend 

* kv/ib  «•' 


I I >»!•  Hf’lll-H  ) 

a 


L/<i>vr 

Cunatz  GNavels 


PouNDED  DuANTZ  6NNVELS 
111  I TOP  OF  NoCK  24-1.8' 

,'/%'!  gneiss  — Mottled f cue  am/ 

'rfi'A  "H,T£,  st^ed,  ueav 

^T/  8/>OLy  »£*tnenco 

'fy/  \ Hj&ffCV  nt  Tctirr,  ' 

fy / 'A  . Rt-Te&eo,  folia  reD/ 


rt'CAceous 


J.  Mown  * galbn  , 


PEC Ov  i SAMPIL 
I ERY  NO 


STAGED,  hell  ctc.nted 


f I iiilliMp.  limr  u.iHr  lu><  Jtfilfi  of 
UftAlhlllHfC  lit  if  1 IfHl/li.lltl ) 


Poll  * 4o  continued 

Pull  *4-1 

231.  S ‘ To  23&.  S 1 

2 ON  s.o’  NEC  4 4 ’ 

CL  O (,  • 

PULL  *42 
2 ?(,.£'  TO  24/. s’ 
4-0 N S.O1  NEC  2 8‘ 

CL  2.2' 


mote:  sc  ALE  CHANGE  PT 

2.40.0' 

Pull  * 4j 
241.  S'  To  24L,.s' 
Pun  s.  o ‘ nec  3.  / 7 
CL  !.</> 


Poll  *44 
24(,.S'  to  2£L  £ ' 
pun  s.  o ' nec  s.o' 


240 


-Continued  on  SHEET  * g 


POLL  *4S  Continued 
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DRILLING  LOG  (Con*  Sheet)  ’‘,V‘"°N  '°'  °'  4yA  4 

ftOll*  > I INSTALLATION 

DeiifAU  ,CUAl/c  i — 6QJU 

CLASSIFICATION  OF  MATERIALS 

ELEVATION  DEPTH  LEGEND  . / )«■«»  nhiimi ) 


2&1 

% CORE  | BO 
RECOV  | SA 


RECOV  | SAMP 
ERY  NO 


Hole  No.  CS-S. 

SMffT  £ 

Of  ^ SHEETS 

X ORf  REMARKS 

MPl  f (IfniliHK  nmi  uatf'  Jrfilh  of 

NO  utalhftiHK  ft.  if  H)tHift..inl  I 


Gheiss  - shown  4 (,heen/ 
Fc-  ST/HNeD  , Well  JOINTED 


Pull  eo^r /ajued 

ZSI.f  To  Js-t.s-’ 

*U*J  S.O’  /tec  4.0  ‘ 

CL  /.O' 


2S6.  i'd/fi- J 


m 


\£ 

2S6 


\2S8.S  joint  80° 


POLL  *4-6, 

\2SC.£'  TO  26/. s' 

tom  s.  o'  aec  4,  ? • 

j CL  O.  J > 


W-A 

2(.0  V'W  2S9L  ' Joint  SO  * 

yry  '1 

j/7 s/p'  2 DO.  8 ' Joint  70  ° 

V'  J$  mcTTLE[>  *£0 , cneen 
262  Slue,  well  Jointed 

fm 


**  t 


2^2  7 ' TO'N  T 50  ‘ 


Y/t  /ft 


i j j / / # 1 

Vr/  AnZ-  -.  , . ^LICKENSlDE d joint  as°" 
Y **  ,f  //  SS° 

'vy  A2(,e  * ' " " co° 


-Continued  on  sheep  *9' 


POLL  ** 4-7 

26. /.s'  TO  266.  s' 

PON  S.O'  /tec  A 9 

CL  <7.  / ' 


pull  * 48 
2e,es'  ro  2 7/. s' 
Hun  S.O'  Nee  A. 9 

CL  O.  / ' 


I 


App  } 

14  of  2 J 
Soc  t i <»n  K 


V 


fiOAATZ  LEASE 


2 / 


GNEISS  - GREEN y RloPEAArELV 
HAAD,  dNWEATNEAeV 

6»e/ss/c  staoctuass, 
+f°  Foliation  Fme 
GRAINED 


76 


274-.o'  ro 
Hun  s.o  ' 
cl  ,i2' 


Pull  ^ si 
271.0'  TO 
Pun  -t.  o ' 
Box  Cl  0.7 ' 


271.  c ' 
PEC  3. 8 


283.0' 
PEC  S 3 


DRILLING  LOG 


DtNTAL  CLlUlC. 

■ i'  ^ I I N M miiWhial*!  of 


» a i in-  AGE NC  Y 

j^,v,v/)n  OisrKiaT. .. 

H it  r N-  1 • 4*  «h<>  »»i  on  dialing  till m ' 


INSTALLATION 


Of  A SHEETS 


,0  S'ie  and  type  of  bit  <d-  vj£  Ojqj^C 

1 1 datum  fSr  ^levAYIOH  shown  rfoS#  <*  ms/.T 

tXsja 

1 2 MANUFACTURERS  OI.SIGNATION  OF  DRILl 

-CM -2#  _ 


J n tot  ai  no  of  over 

BUROEN SAMPLES  TAKEN 


UNO!  S I UN  HCIJ 


5 N*Ml  PR  I L LFR 

ft.  MA£  t L.  UYAlM 

6 OlHi  I il»N  OF  HOLE 

X)  * • »•  » al  iincuni  n 

; T HICKNI  '•  OF  OVtMBUNDFN 
A CFPTH  DHIlLlD  INTO  ROCK 

9 TOTAL  DIPTH  OF  HOLE 

1 1 

Elf  VATIJNI  OEP1M  llfGEND 


C S-2 


14  TOT  AL  NUMBER  LORE  BOXES  ^ J 

15  E LEV  AT  ION  GROUND  WA  I » R ^ ^ ^ ^ 


OEG  f ROM  VENT 


16  DATE  HOLE  , I 

J2  AftkUST  1120.  ZS  MMSTtlA 

17  ELL  VATION  TOP  OF  HOLE  7 & l 

18  TOTAl  LORE  RECOVERY  FOR  HOMING  62  »J 

19  SIGNATURE  OF  INSPECTOR 


f C OMNI  C T CO 


241-2' 
74-2 


CLASSIFICATION  OF  MATERIALS 
(Dmmcfiption) 


sp  - tan. 

Loose , noNCeME  NT  E D 
Fine  to  medium 
QUARTZ  Sand, 

\ c iiiiiiii:  Sob  AURulaa  to 

iilllllilj  an&i>cna/  day 


SN)  - REDDISH  B AO  INN, 

Silty  sand,  fine  to 

ME  DIUNI  QUARTZ  SAND 

susHTL  y Moist 


BOX  OR  REMARKS 

SAMPL  E < IJi  ill  mg  luue,  wulm  lams,  de/Hh  of 
NO  mrmmlhmiliig,  sir.,  if  migmlii  mnO 

I « KlJJM  f 


Pate  >2  am,. — 2h- 
Depth  to  water 
1-7  3 dur . ng  dri  lilt- 

* W.T  23-M-  - 

S Water  table  rea-Mw 

7 c.  ^ -24-  -lira,  after 


»'L  1 C » fvnplo  tod. 


App  3 
16  of  23 
Sec t i on  K 


Fine  to  coarse 
SUB-  rounded  to  / 

AN  6 DEAR 

CL-  Mottled  INHITE, 
Maroon,  Purple, 
Re  o dish  brown 

S/LTY  CLA  VSTONE , 
SHaro  cl) 


r _ 

-< CONTINUEO  on  Sheet  T2-  ■ 

NOTE:  Soils  field  classified 

In  accordance  with  the  Unlfle! 
Soli  Classification  System. 


n.7  10 

^ ? 11  note:  be&rn  coring  i 

AT  ZS.O < 

3A  8 12.  t pULj_  **-  J 1 7S  , 

2s. O'  TO  27. 1' 

7/  RUN  2.1  / AEC  /.s' 

. • — — ROY  O..B'  - 

, PULL  *2 

ys  ' 27./'  TO  2/3' 

/b  Run  4.2'  rec  b.z' 

CL LoL 

m .1V.S  TKi  FOOT: 

] Hi.  ' required  to  drlv  > 

i v"  i : rr ’ it .on  w;  1 1.  . 

b i.oi  Kill  r.^  30". 


, *—  » A . *,>*’•»  Z “M*1-  . *»%  » 'MA.i 


DRILLING  LOG  (Coni  Sheet) 


HIVA1ION  TOP  Of  MOU 


jtZA^L  _ 


BENTnE  $ l!  NIC.  I — BJC. 

ClASSIflCAtlON  Of  MAURIAIS 

ELEVATION  DEPTH  LEGEND  f Ihunplio,,) 


TERIALS  I'crS*1 

RECOV 
ERY 


Hole  No.  c $-2.  

Tsmht  2. 

ga.  , ...  \i*.3.  '-""Ci. 

IOX  OR)  REMARKS 

SAMPLE  I (Itrilliii*  ualet  /«•«  Jtflh 

NO  i ut.tlhrnMK  Hi  //  uK>iifuu»l ) 

t K 

fox  Pull  # 2 

f ; r r,  H r m ue.  O 

j Pull  *r  3 

31. 3 1 To  36.  / ' 

Rum  4.  a ' Rec  4 9 ' 


CL  - white  t 

silty  / sno/sT 
Micaceous f very  '•  9t> 

■STIFF,  KAol/N  clay  1 

1 

SC-  while  to  pink  , 

S£)AJO  j V£&Y 

CLAYEY  with  Kaolin  ® 

CLAV,  l/E AY  MICACEOUS 
F/AE  To  CO  AAgE 

Quf/KTI  SAajd/  ' too 

IRON  ST  A IN  CD 

VE«y  stiff  r0  SOFT 
moist  ' 1 ,nn 


Pun  4.  s ‘ a ec  4. 6 ‘ 
Acl  of'  

\PULL  ■*£' 

4-0.9'  TO  48.4' 

RuN  5 O ' PE c 0.0  ' 
CL  S.  O' 

PULL  **  & 
ri  45.9'  TO  47  0' 

1 P UN  /./'  Fee  2.3‘ 

hzs lA:  — 

Pull  *t  7 

-47.0'  TO  s/.8‘ 

Pun  /- 1 ' rec  S.o  ' 
jZl z CLSl 

PULL  **  8 

SI.  8’  TO  SE.S' 

pun  4.7'  tee  4.7' 


1 


\CH-  WAITE, 

* HARD,  KAOLIN  CLOT  V 3 

\ 

, UEKV  ST/FF  I 


" pull  *9 
sc.s-'  To  00.8' 
PON  4.3'  PCC  4.0' 
CL  0.3' 


Bon  PULLV/O 

S7.C  SL/CKen  SIDE  3oo  S TD 

**■<>'  .TO, NT  cr*  r *e* 


-CONTINUED  on  sheet  *2.  4- 


pucL  **  // 

jLE.G'  TO  67.0'  . 

\\PUN  / 4 ' Pec  l.7'\ 

\C4z ELS  ' .3 J 

— t Poll  **  /3 

\67.0  ’ TO  7/.  7 

r ,NU  ED  OH  SH£El 


A|'p  \ 
I ? ol  2 1 
Si’otinn  F 


+T*~  **V'  h * j*  •A'ry^ 


DRILLING  LOG  (Coni  Sheet) 


ULNTOL  ClZN/jC  _ 


EIFVATION  01  PTH  IFGFNtf 


(OVATION  top  Of  HOU 

42B+L. 

| INSTALLATION 

_1 a 

ClASSIML  ATION  Of  materials 

I Ihui  i/Moii  I 


Hole  No  ££ 

SHM'  jy 


IDQJX 

% CORE 
' RECOV 
j ERY 


0k 


'CL-  MOTTLED  WHITE , 

' FC  ST/UNeD  , WK  SANDY, 

' micaceous st/ee  ' 

'SC  - CAE AM  Y WHITE, 

' CLAYEY , ^ir>f 

fine  to  cot) use 
j Quartz  sano, 

A Qua  bounded  to  anoluaa 

, MICACEOUS 


80*  or;  REMAINS 

SAMPIF  | (ltnllt.it:  Half  /«•  •Lfth  / 

NO  u f.ff/'fiiAi  ff.  (/  .iAvifi....il  t 

I A 

FUN  4 7 ’ fec  o s ‘ 

CL  +. 2 ‘ 

to  t »/-? 

7/.  7 ' 7-0  7XX  ' 
a°/  FUN  3.8'  FEC  s.4 
<7^  /.  6 ' 

PULL  **/4 
7S.  S'  TO  g 1.3' 
FuN  S.g'  Fee  23 ' 


I <9/.  J ' To  82.2  ' 

° OX  Fa  N O.  9 ‘ Fee  O.  7 ' 

7 1^  <?•■?' 

6 #/(, 

82.2’  to  872' 

FUN  S.  O ' FEC  4.  / ' 

SCL  0.9' 

Pull  **/7 
87.2'  to  92.2' 

FUN  S.O'  fec  2.8' 
CL  2.2' 

Bo  X 

3 ' Pull  *> ;8 

92. 2'  To  77.2' 
fun  s.  o'  fec  s. o ' 


I/O 

App  I 

18  of  1 \ 

Sot:  f ion  K 


-Continued  on  sheet  #4 


Pull  tt  /<f 
97.2’  to  /02. 2 ' 

Box  ^UN  So'  *cc  & 

„ CG  /.  O ' 

9 I 

1 pull  **20 
102.  2'  to  / 0 7.  2 ' 
PUN  S.O'  fec  3.3 
J CL  /.  s ' 

BOX  POLL  **2! 

)0  j *07. 2 ' TO  H2.  2 ' 
Run  s.  o ' fec  s.  o ' 


I 

I 

I 

I 

I 

I 


DRILLING  LOG  (Cont  Sheet 

raom  I 

DLHtT/IL  , CL./A11C  - 

[ 

I LEV  AT  ION  DEPTH  LEC.END  I 


Elevation  top  o»  hole 


T 4 7SU. 

I (NSfAUAftON 


Cl  ASS  IE  1C  AT  ION  OE  MATERIALS 
f />r t 


E7L  ..GQADaN^  , 

nil e % CORE  | BOX  OR 


RECOV  | SAMPIE 
TRY  I NO 


I 1 • »»///<<*  1 1 


-CS-2. 

SHU  1 

]■»  (} 

REMARKS 

imr  u .1  If  i I • Jif'lt’  ' 


Il4 .3  II 4.  P ' SOME  KROON  Cjq 
CLAV  BALLS 

H4-8'  U/.Z'  WELL  Den  BCD 

Redding  tvnn  7H/K  LENSES 
OF  He  MV  aaenerrcs 

too 


1 


12.4-  o'  - 124  4 ' Le nse  of 


CL  - STIFF j WHITE  KAOLIN 
CLBV 


f\ 

/ 1 29.  S 130  2'  OK  A NOE 
A ST  KEANS 48 

J COO  ESC  SO  NO  UP  TO 
f 3/4  " D/B  METER  , 

A 

A 

£ cl  - l/aht  era  9 N/oKA/vee 

4 MoTTUNS  SANDY  ST, EE  CLAY—  gp 

esc-  cae am  v write / 

A Clave V s/e t Y 

'!  Cine  to  ccbrse 
3 Qu»«tz  eanD/ 

/ SOB  FOUNDED  to  angular 
v Micaceous  sand  1 100 


149  3’-  1411  ‘ cl-  Yellow,  fifi 

OFAY,  STIFF , RAOL/N  CLAV  

ccntinueo  CN  SHEET  ATS 


Pull  *2/ 

cont  in  ue  o 

I Pull  #22 
■ //2.2'  TO  U 32  1 
RUN  s.  o'  re  C 4.7'  \ 

Cl  o.j' 

Pull  *23 

t/7  2'  TO  /22  2 ' 

Run  a. o ' re  c s i' 

CG  O / ' 

Pull  #24 
122.2'  TO  /2  7.  2 ' 

R ON  S.O  ' R,  ('  S.  2 ' 

CG  0.2' 

_ Pull  #23 
’ 127.2  ' TO  132.2  ' 

RUN  s.O'  rec  4.4' 

Cl  o.  / ' 

Pull  #24, 

132.2'  TP  3332' 
Run  So ' re  c 44' 
Cl  a (,  ' 

_ POLL  *27 
137. 2'  TO  ,'42.2' 
Run  s.o'  rec  s.p’ 


Pol  l # 2& 

142.2'  tp 

147.2  ' 

Ron  s.  o ' 

RE  C T.  / ' 

cl  / y 

Poll  #29 
■147.2'  TO  13  2.2  ' 

Oavr/NUCD  ON  .-•REE  I #3 


,\rp  i 
I *»  ot  < 
Si'i  t i on  K 


‘ **■  • 'A®  i’A] ««*»-  Tf«y*  A e • 


I 


_ . 1 fltVAIlON  »Of  Of  MOll 

DRILLING  LOG  (Con*  Sheet)  j 

INS  t Al  l A HON 

FT. 

l ASSlf  1C  A I ION  Of  MAIIRIAIS 

' fRl 


ULHJRL  CL/H/C 

t n V Al  . >N  IH PIU  ItGINt* 

ISO' 


.1 


f^ox  or 

I SAMRlf 

1 NO 

I 


>152.0  15  4 O ' JH/AJ 

■ HLfllY  MtN£XHL  L€A/SeS 


Hole  No.  (2S-2. 

SHfft  v5~ 

( W £ VHI I 
Rt  MARK  S 

ll>>,lltnx  !>»••  u ttf  / i/rf>rl 
u*.,t),-inf.  • / »«.««/>  <•" 

K 

PULL  *2*1  C0*0 f*JO£ o 
RUAJ  S.  O 7 RL  C + 4 7 
CL  °-6‘ 


ISS 


/t>o 


IBs 


170 


175 


7L-UL&HT  CXftY,  STIPE'  70  /00 
77OK0.  SftND'/.  Aftoi/N 

<1*.? 

sSM~  LHrHT  GXft  Y/  _ 

Fine  7 O COftftSE 
5/LTY/  CLOVEY, 

*»/ C nctzcus  / Qu/iftTZ 

.sflwD,  sob  nouNoeo 

70  ftNCULftR 


8 OX 

IS 


POLL  #3o 
IS2.21  ro  IS  72' 
Pun  s.O‘  Rcc  s.2' 
C6  0. 2 ' 


too 


Box 

/6 


Poll  #3/ 

IS 7.  2'  To  u.2.2' 
Bon  s.o'  pec  so’ 


100 


ipl  o'-  1710'  PEN  t L MINERAL 

i L’fP'Np  Y SMOKY  (,'odrtz  76 

\ irXftVELS  3/4"  Ol  ft  ME  TER 

■ si’B  hounded 

/7/.  o'  -172  2' 

\l72.2'~l72  S’ 

OAftNGL  STTFE' 


Poll  **3Z 

K.  2. 2'  TO  /i,7.2' 

Bon  s.o'  pec  s./‘ 

CG  O,!' 


Box 

17 


Yell  on  st rinse  tls- 
ci  purple:  * 

KftiU.  IN  Cl  ftY 


i T STKINul* 

T*"i  172.5'- IS*.  J'  (JUftRTj.  GRAVELS 


JUT  IU.S'- 774.3' 

vy/fL 


gL,  ‘'YET  ***>.  F7/JJ2 
OP  ft  NSC,  YE  L L ON/ 
LIE>H  T CRft  y po/Lp/  f 
Pin  F TO  Hfth'D f 
A pi’ll N CLNY/  sftNDY, 

MIC  ftCEOUS 


20 


lOO 


10 


100 


BOX 

18 


Pull  7733 
!P>7,  2 ' TO  172.  2 ' 
PUN  S.o'  pec  4.8' 
CL  0.2' 

PULL  #34 

„ 172  2 ’ TO  T'7  2 ' 
BuN  S.o'  rec  /.o' 

CL  4 O ' 


PULL  *35  - CC  2.9' 
077  2’  70  >3  ' 

Bun  2 4 1 Lif  e j.:i‘ 

PULL  **30 
- / 79.  6 ' TO  IPs  . £ ' 
BUN  S.<r  SHU ~ 5 9’ 
CL  o.t,’ 


sox 

II 


PULL  **37 
I8S.S1  To  190.1' 
RUN  4 0'  PEC  4.  s' 


CONTINUE  0 ON  SHELL  ** & 


;<*  fft'mx  l **•*••**■.. 


■V 


DRILLING  LOG  (Cont  Sheet) 


Qtt^l  ft  L .CLINIC 

tlfVAllON  IHP1M  IfOENP 


juvaiion  ior  o»  hOii 


478.  / 


».  I AbSlMCAllON  Of  MAll  KIAl  S 


Hole  No  £c  2. 

| 

0 ^ Ml  I ' ’ 

JiOX  0*1  HIMAO'. 

I S A MR l f ( I *•  liilMR  Iimr  Mrf/H  I • .Ill'll 


U6HT  GRAY  , HARD 


SC  PURPLE  7(1  GRAY 
T INE  To  COARSE 
S'LTY,  Cl  Aye  v sand, 
with  SOME  L/sht 
6KAY  clay  Lenses 

Some  orayels 


‘ jf 


Sc 


214.2' -2/4.8'  / non  stained 
o nance  tense 
12/ 3.  O'  -2lil.  2'  poor  recovery 
'GRAVEL  WASHOUT  IN  -^0 

D* ILL  MS  Ml>p 


Cl.  MOTTLED  ORANGE, 

Purple,  spay,  sandy 

Ml  C AC  sous , RAOL/N 

clay , 

SC  L/SNT  SPAY,  FINE  TO 
COARSE,  SHTY  CLAYEY 
M/CA(  f A us  \AND 

CL  SM-  INTeRBEDDED 

cl  hard,  red,  purple,  fray 

SM  LI  RUT  a RAY,  MICACEOUS 

f/ne : i 

SC  LIGHT  FRAY,  TINE  TO 
COARSE,  SILTY,  CLAYEY, 

Quartz  sand,  with  sub 
ROUNDEL)  ° _ 

Continued  on  sheet  w / 


Pull  *ejfl 

g0x  no.  I1  to  /is.  o' 

20  *un  4 1‘  rLc  4 8 

Cl  o./' 

j PULL  **  38 

US.  O'  TO  200.!' 

pon  s.  / ' pec  4 7 ' 

CL  0 4' 

Sox  1 — 

21  Poll  * 40 

200.  r ro  205 . 2 ‘ 

PON  S.l  I PEC  4 8' 
CL  0-3' 

Pul  L P 4! 

2os.2'  TO  201  o' 
Pun  3.8'  Rec  o s ' 
CL.  3.3' 

Pul  l f 42 

201.0'  TO  2/4.2.' 
Sox  PON  S.2'  NEC  4 7' 
CL  OS' 


Pul  l f 4 i 

2 14  2 ‘ TO  23  2’ 

Run  s.o‘  pec  /. s 

CL  3 S ' 


Dull  **  4 4 
■ 2/1.2 ' 70  224.4' 
Run  s.2'  Re  c 
css  r 4 ' 


SOX  puli  *43 
23  1 224  4 ' ro  230.0' 
RUN  5-6'  REc  2.8' 
I CL  2.8’ 


aim’  1 

,’l  .’i 
Stv  l i %»n  I’ 


-»  l 


« X 


mv»'tON  top  Of  hou 

DRILLING  LOG  (Cont  Sheet)  j 

. „ I installation 

dental  clinic,  I ft.  gqadqn  ,.G8 

ClASSIEIC ATION  or  MAIfSIAlS  SAMP?" 


ELEVATION  DEPIr 

■*  2j& 


Hole  No  GS-2 

SHI  ( t 

I , .1  £ SMII 

1(1  MAH  S 

/»..//.«*  UMt  >•■>'  ' 


TO  ANGULAR  SMOKE  Y QUARTZ 
(TRAVELS,  HEMATITE 

CORA  MOL)  STAINS  /N  SANA 

Micaceous 

231.7  1 - 232  7‘  cl,  LtcAT  ~ 
gray,  sandy,  Nt/CAce.  ouS/ 

S°TT  TO  FIRM,  STAIN  (TEA 

HEMA  TTE  (ORANGE)  STa/ns 
IN  SAND,  PARALLEL 
2 33.  O'  AT  20  ° 

23S  .8  AT  20 ° 

23#  O ' AT  2.0° 

2 38. S ' AT  3c  ° 

238.  V ' at  30° 

2a  2 ..  24  / 2 ' ORANGE 

TO  Yl  LLOhN  SC  sands 


TO  Y/  LLOI 


7Mc  TOP  OF  ROCK  243.2  ' 

2s o \ 'c6n  EUEISS  mottled  creamy 

WHITE,  It  stained  - 
f ' ~2/e  &aply  into  r a r rcd 

^TERED,  YtAV  soft 

f-J  °e**vTErD'  Vcaceols, 

OK9  :#  /*/  7N,NJ  continuous 

2sz  l/X'VVJ  ^NE/SS/C  8 AND, N 6 

r vs^  250.3'  AT  80°  SOINT 
'/{'  /,THN  QUART 2 LENSES 

2SO-°''  2SI.  o’,  25  2.  O' 

284  ' » J$2S  1.2'- 253. 0 ' ORANGE 

' 258.  7‘  MOTTLED 

'■  'i'  Jy>VHlTe  * °*fiK  R£D  Mown 

! 1 1*4/*  f 

258  ; 2/2/;  \ 

yV'-’A  MOTTLED  ORANGE  , SLOE 

Y/\! /ts  gray,  red 


-CENT  INDED  ON  SHEET  *8’ 


PC  Li  ~4G 

230.0'  TO  2350' 
Run  5.  o Rcc  5. 0 ' 


,\H>  ' 

2?  of  • ' 
Sl  l t iott  K 


PULL 

**4  7 

235 

O'  TO  24  0.0' 

Ron 

5.0  1 REC  4.5' 

cl 

O.  5 ' 

Pull 

**  48 

24  O 

O ' TO  242  9 ' 

Ron 

2.  4 ' REC  /.  4 ' 

CL 

/ . v5  / 

pull 

**  44 

2 4 2 

4 ' To  247.2' 

run 

4.3'  RCC.  3.0' 

cl 

L 3 ' 

PULL 

**50 

247. 

2'  TO  251.2' 

- Run 

5 O ' REC  5.  O ' 

Put  / 

**5! 

25 1. 

2'  TO  255.2' 

run 

Fo ' rcc  3.8' 

CL 

1.22 

NOTt. 

: SCALE  CHANGE 

at  250.0' 

| POLL  *£2 
25G.2‘  TO  2805' 
PUN  4 7'  NEC  /■  8 ' 
1 CL  3.2' 


i mm  l»«  — » 


DRILLING  LOG  (Coni  Sheet) 


jflf  V AIKJN  !<»»•  (>/  »»<  *|| 


Hole  No 


ZV  -v^z.  Cl/auc 

ELEVATION  | LIEMh  IK-t  ND 

j W I: J 


C$s2. 

] SH»f  I £ 


. / /.  uvBUaN  &/) . Vs  3 


ClASSIMt  AIK>N  of  MAIJRIAIS 

I / »«  • 


I /V/)\6Neii5  - WOTTH-D  OAf)NOC/ 

ffi' 'A  BLue  , Keo 


v ijy\ 
I'jrjfyj. 

7i.o 


(ORI  |BOk  OR  | Rl  MARAS 

KtCOV  I SAMPlf  ; A //«/  wW/*  / ../ 

(Ry  NO  u r.tlhrnM/t  it,  #/  . 

’ 1 K 
«*■  ^.2 
CONT  IMPED 


Y'MniiiSLisKENSiDes  nr  263.  z' 

\rnm^°  

Boj  roM  or  bole  2L.3- 4 ' 


PULL  * £3 
260.1'  lo  263.4' 
Bub  2. s'  Etc  4.n  ' 
Cl 5 /.s' 


•"A  -I  '»  T .—  S ■ — •*  ♦ 


SECTION  G 

Elbert  and  Hart  Counties,  Georgia,  and  the 
Projection  of  the  Towaliga  Fault. 


• "l 


vy \LITVP ION  OP  MiONPTIC  DIM  I'M  H'iADRMONT  C..U\Dn\KOI.:-J,  0 .ORGJ1 
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SUMmSY 


• < j ■ 1 1 ■ * tikori  in  linns  across  tho  hypothesis.* -d 
i’-i!)'  * of  Hoy  r \ustin  (1%P  ) do  not.  :;,|ow  '.-videRce  of  fiultiny,. 

, ,v'  -vr  p i yr.i  f i cant.  snor  ilies  were  oetocted.  If  these  inor:- 
i : . ■■■.•>  relate  i t.o  lnyprinc  in  the  riatadAoite  rind  volcanic 

...  ibove,  then  a detailed  magnetic  survey  could  delineati 

• • rue  turns  . funh  a survey  •••oul  i ••  ;m*.  r'-  si  jrii  'icint  off  - 

• -riel  ti'iverPBE. 
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INTRODUCTION 


\t  the  re Quest  of  Mr.  Mil  Liam  Hancock  and  Mr.  sari  TLtcomb, 
a magnetic,  survey  was  initiated  to  evaluate  the  potential  of 
magnetic  measurements  in  order  to  evaluate  the  possible  exis- 
tence of  faults  proposed  by  Roger  S.  \ustin  in  a 1968  report  on 
the  Geolory  of  the  [’rotter  Shoals  dan  site.  Consequent] y, 
three  magnetic  lines  were  executed  along  the  only  three  roads 
found  to  cross  the  possible  faults. 

LOCATION  OF  LIN 'IS 

Line  one  is  approximately  1'. km.  long  and  extends  east-west 
at  latitude  3);P0'',,M  from  P,?°3fi.5  to  3°  • 8 1 ’ ’ • The  end  points 
are  indicated  on  the  portion  of  the  Heurdmont  uadrangle  shown 
in  Figure  1 . The  line  consisted  of  163  total  field  values  at 
an  average  separation  of  9 meters.  Line  two  is  C.Pkm  north  of 
line  one.  It  consists  of  ipO  total  field  values  but  was  found 
to  he  useless  because  of  the  trash  along  side  the  road.  Line 
three  crosses  the  southern  portion  of  the  by • othesi sod  f'ult 
at  3l|°00.?>N  and  fl2°38 . (see  Figure  1). 

IN  T SR  PR  '?P  VI’ T ON  OF  MAGNSTI9  INOKiLISS 

Line  one  (see  Figure  2)  shows  four  asymet ric  anomalies 
with  the  fourth  from  the  east  subdued  in  amplitude.  The  widths 
of  the  anomalies  are  approximately  80  meters.  Unfortunately, 
the  strike  of  the  structure  is  unknown  so  tint,  the  widen  or 
dentil  of  the  structures  can  not  be  determined  from  to  is  data 
alone.  Phe  asymetry  indicated  is  one  of  a r '.aiual  increase  in 
the  anomaly  from  the  west  to  its  maximum  value  and  a rn-'id 
decrease  on  the  western  edge.  This  could  indicate  din  to  t he  east 
or  northeast  striking  structures  or  both.  \ fifl.ti  positive 
anomaly  is  also  present  hut,  i t,s  character  is  less  certain 
because  of  interference  from  a stool  pipe.  Phe  positive 
anomalies  are  most  likely  related  to  mafic  units  or  dikes  which 
approach  within  ft.  of  the  surface.  The  position  of  the 

nropored  fault  is.  also  shown  in  Figure  2.  There  exists  no 
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: ' ■ ' i r>  the  i<:  d itn  for  a fault,.  However,  the  possibl 

* i r'  •••■'  of  i fault  ’ r>  not  entirely  excluded  by  t)  data. 

I 1 f vo  (r.eo  Fi  pure  } ) was  eontamina  fed  by  r irfa.-e  trash 

• mid  i ot  ht  interpreted  . 

I i r . •->  tlirop  ( see  Figure  l|  t shows  one  positve  anomaly  similar 
tnomalies  ahserv'd  along  line  one.  Ho  evidence  ol‘  a 
ie’t  w>  oh  served  in  the  magnetic  data  alone  line  three, 
v -ver,  dd't.ional  minimal  data  near  line  three  could  probably 
: 1 abl  irt;  t !•••  strike  of  the  «». nurture  causing  t'ne  positive 
— ,ly. 

R 'ICC GKF  "RID  VI’  IONS  FOR  FURTHER  FbOMFTIC  SITRVFYE 

n;  first  task  of  ,a  magnetic  survey  would  be  t.o  determine 
e c : r*ike  of  t.’.e  anomalies  and  their  cause.  The  Geology 
• r r ted  by  Roeer  S.  Vustin  (19^>P ) does  not  appear  to  correlate 
; • > t..ie  anomalies  along  line  one.  If  the  anomalies  are  due  to 
art.''  trending  'riasie  diabase  dikes,  then  the  magnetics  m^y 
■ yield  significant  results  concerning  the  older  structure. 

> a -orialies  ’ire  due  tr  l yering  in  the  metadacite  and  ttie 
-I  i ’ soqu  a hoove  it  in  the  same  manner  a s ’.ear  Lincoln- 

on,  '■'tt  ,i"i,  LI  1 n i magnet  ic  survey  could  effectively  delineate 
...  rUee  s. . .’he  size  of  the  observed  anomalies  would 
rtir.  ; ■ a e i r of  readings,  of  at  nr' at  If  meters.  The  line 

s.  ui  i be  l'ss  t nr  0 . f'km . In  the  area  of  the  hypothe- 
5 . e 1 1 t 'ir  v uld  recyire  of f-the-ro.ad  travel  almost- 

• I y . Pin  minimum  area  of  i nv e st. igat, ion  would  be'  about 

require  out,  "Vl<r i of  traverses . Vny  larger  area 
■ sn.rv  v "d  wit'  ir  airborne  magnetome'  • . 
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GLOSSARY 


A GLOSSARY  OF  STANDARD  NOMENCLATURE,  TERMINOLOGY  AND  DEFINITIONS 


Introduction.  This  glossary  has  been  prepared  to  define  the  usage  of 
terms  which  appear  frequently  either  in  the  text  or  in  reference 
literature. 

Absorpt ion.  A process  whereby  the  energy  of  a seismic  wave  is  con- 
verted into  heating  of  the  medium  through  which  the  wave  passes. 

Accelerogram.  The  record  from  an  accelerometer  showing  acceleration 
as  a function  of  time.  See  Strong  Motion. 

Aftershocks.  Minor  seismic  tremors  that  may  follow  an  underground 
nuclear  detonation  or  the  secondary  tremors  following  the  main  shock 
of  an  earthquake. 

A1 luvium.  A general  term  for  compacted  particles  of  rock,  sand,  clay, 
etc.,  deposited  in  relatively  recent  geologic  times. 

Amplification.  Frequency  dependent  modification  of  the  input  bedrock 
ground  motion  characteristics  by  the  local  soil  column.  Amplification 
causes  the  amplitude  of  the  surface  ground  motion  to  be  increased  in 
some  range  of  frequencies  and  decreased  in  others.  Amplification  is  a 
function  of  the  shear  modulus  and  damping  of  the  soil,  its  thickness, 
and  its  geometry. 

Ampl itude.  Maximum  deviation  from  mean  or  center  line  of  wave. 

Anisotropic  Mass.  A material  having  different  properties  in  different 
directions  at  any  given  point. 

Anisotropy.  Variation  of  a physical  property  depending  on  the  orien- 
tation along  which  it  is  measured. 

Annual  Risk.  The  annual  risk  associated  with  a given  intensity  is 
defined  as  the  probability  that,  in  any  given  year,  that  intensity 
will  be  equaled  or  exceeded.  The  annual  risk  is  also  the  reciprocal 
of  the  mean  annual  return  period.  This  technical  definition  of  the 
word  risk,  as  a probability,  has  been  questioned.  It  is  not  consis- 
tent with  another  technical  definition  used  in  statistical  decision 
theory  which  associates  the  word  risk  with  an  expected  loss  (a  proba- 
bility of  loss  time  values  of  the  loss),  but  the  definition  here  is 
totally  consistent  with  both  popular  and  dictionary  definitions  of  the 
word,  i.e.,  the  chance  of  something  undesirable.  Therefore,  unless 
and  until  an  equally  connotative  and  convenient  alternative  is  coined, 
the  writers  suggest  that  this  use  of  the  word  risk  is  quite  appropri- 
ate. 

Anomaly.  A deviation  from  uniformity  or  normality. 
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At  tenuat ion. 

1.  A decrease  of  signal  magnitude  during  transmission. 

2.  A reduction  in  amplitude  or  energy  without  change  of 
waveform. 

3.  The  decrease  in  seismic  signal  strength  with  distance  which 
does  not  depend  on  geometrical  spreading  but  may  be  related  to  physi- 
cal characteristics  of  the  transmitting  media  causing  absorption  and 
scattering. 

Bar.  = one  atmosphere:  A unit  of  pressure,  approximately  14.5  psi. 

Basement . The  igneous,  metamorphic  or  highly  folded  rock  underlying 
sedimentary  units  below  which  there  is  no  current  economic  interest. 

Bedrock . Any  solid  rock  exposed  at  the  surface  or  underlying  soil; 
has  shear  wave  velocity  6,000  ft/s  (1,828  m/s).  See  Firm  soil  and 
Soft  soil. 

Body  Wave  Magnitude.  See  Magnitude. 

Body  Waves.  Waves  propagated  in  the  interior  of  a body,  i.e., 
compression  and  shear  waves,  the  P and  S waves  of  seismology. 

Capable  Fault.  A capable  fault  is  one  that  can  be  shown  to  exhibit 
one  or  more  of  the  following  characteristics: 

1.  Movement  at  or  near  the  ground  surface  at  least  once  within 
the  pasc  35,000  years. 

2.  Macro-seismicity  (i3.5W)  instrumental ly  determined  with 
records  of  sufficient  precision  to  demonstrate  a direct  relationship 
with  the  fault. 

3.  A structural  relationship  to  a capable  fault  according  to 
characteristics  1 and  2 above,  such  that  movement  on  one  could  be 
reasonably  expected  to  be  accompanied  by  movement  on  the  other. 

Critical  Damping.  The  minimum  viscous  damping  that  will  allow  a 
displaced  system  to  return  to  its  initial  position  without 
osc i llat ion. 

Crust . The  outermost  shell  of  the  earth;  the  portion  above  the 
Mohorovicic  discontinuity. 

Damping.  Resistance  which  slows  down  or  opposes  oscillations.  Criti- 
cal damping, j , is  the  minimum  damping  which  will  prevent  oscillation 
from  taking  place.  See  Response  Spectrum. 
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the  dip  of  the  fault. 

Displacement . 

1.  The  distance  a particle  is  removed  from  its  equilibriam  posi- 
tion, as  in  the  ground  motion  associated  with  a seismic  wave. 

2.  The  integral  of  the  velocity  of  ground  particles  as  recorded 
by  a seismograph. 

3.  The  relative  movement  of  the  two  sides  of  a fault. 

Dynamic  Soil  Properties.  Those  soil  properties  which  affect  the  re- 
sponse of  soils  subjected  to  cyclic  loading  conditions. 

Earthquake  Waves.  Groups  of  elastic  waves  propagating  in  the  earth, 
set  up  by  a transient  disturbance  of  the  elastic  equilibrium  of  a 
portion  of  the  earth. 


Elastic  Constants.  See  Modulus . 

Elastic  Waves.  = seismic  waves,  earthquake  waves:  P,  S,  Love, 

leigh . 


Ray- 


Epicenter . In  an  earthquake,  the  point  on  the  earth's  surface  verti- 


cally above  the  hypocenter,  the  location  in  space  where  first 
occurs . 


motion 


Failure.  A condition  in  which  movement  caused  by  shearing  stresses  in 
a structure  or  soil  mass  is  of  sufficient  magnitude  to  destroy  or 
seriously  damage  it. 

Fault . A fracture  or  fracture  zone  along  which  there  has  been  dis- 
placement of  the  two  sides  relative  to  one  another  parallel  to  the 
fracture.  See  Normal , Dip-s lip,  Thrust  and  Strike-slip  faults. 

Firm  Soil.  A general  term  for  soil  characterized  by  a shear  wave 
velocity  >■  2,000  ft/s  (609  m/s).  See  Soft  Soil,  Bedrock . 

Focal  Depth.  The  vertical  distance  between  the  hypocenter  and  the 
earth's  surface  (epicenter)  in  an  earthquake  (or  aftershock). 

Focus . The  point  within  the  earth  which  marks  the  origin  of  the 
elastic  waves  of  an  earthquake. 
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Frequency. 


Number  of  cycles  occurring  in  unit  time. 


Geophysics.  The  study  of  the  physical  characteristics  and  properties 
of  the  earth. 


Ground  Response,  Motion,  or  Seismic  Response.  A general 
eludes  all  aspects  of  motion,  viz.,  particle  acceleration, 
or  displacement;  stress  and  strain,  usually  resulting  from 
blast  or  an  earthquake. 


term,  in- 
velocity, 
a nuclear 


Hertz.  = hz  = cycles  per  second  = cps : A unit  of  frequency. 

Hydrostatic  Pressure.  The  pressure  in  a liquid  under  static  condi- 
tions; the  product  of  the  unit  weight  of  the  liquid  (water  = 62.4  pcf) 
and  the  difference  in  elevation  between  the  given  point  and  the  ground 
water  elevation. 


Hypocenter . The  location  in  space  where  the  slip  responsible  for  an 
earthquake  occurs;  the  focus  of  an  earthquake  or  aftershock. 

In  Situ  Strength.  The  in-place  field  strength  of  a soil  or  rock  de- 
posit . 

Intensity.  A numerical  index  describing  the  effects  of  an  earthquake 
on  man,  on  structures  built  by  him  and  on  the  earth's  surface.  The 
number  is  rated  on  the  basis  of  an  "earthquake  intensity  scale,"  the 
scale  in  common  use  in  the  U.S.  today  is  the  Modified  Mercalli  Scale 
of  1931  with  grades  indicated  by  Roman  numerals  from  I to  XII. 

Internal  Friction.  The  resisting  shear  strength  considered  to  be  due 
to  the  interlocking  of  the  soil  grains  and  the  resistance  to  sliding 
between  the  grains. 

Isotropic . Having  the  same  physical  properties  regardless  of  the 
direction  in  which  they  are  measured.  Strictly  applies  only  to  an 
arbitrarily  small  neighborhood  surrounding  a point  and  to  single 
properties. 

Least  Squares  Fits.  An  analytic  function  which  approximates  a set  of 
data  such  that  the  sum  of  the  squares  of  the  distances  from  the 
observed  points  to  the  curve  is  a minimum. 

Linears . As  intended  in  this  study,  linears  are  straight  features  of 
topography  extending  usually  for  a few  miles.  Lineaments  are  long 
linears  or  combinations  of  linears.  See  also  discussion  of  Linear  in 
text . 

Lithology.  The  description  of  rock  composition  and  texture. 

Loading.  The  force  on  an  object  or  structure  or  element  of  a struc- 
ture. 
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Longitudinal  Wave.  = compression  wave  = p wave. 


the  direction 


layer.  The  vibration  is  transverse  to 
with  no  vertical  motion. 


Magnitude.  A quantity  characte 
an  earthquake,  as  contrasted 
effects  at  a particular  place, 
logarithmic  magnitude  scale  in 

motion  which  would  be  measured  by  a standard  type  of  seismograph 

earthquake.  Several 
magnitude  scales  are  in  use,  e.g.;  body  wave  magnitude,  surface  wave 
magnitude  which  utilize  body  waves  and  surface  waves,  respectively. 
The  scale  is  open  ended,  but  the  largest  known  earthquake  magnitudes 
are  near  8.9. 
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Major  Principal  Stress  (see  Principal  Stress)  - The  largest  (with  re- 
gard to  sign)  principal  stress. 

Maximum  Earthquake.  The  maximum  earthquake  is  defined  as  the  severest 
earthquake  that  is  believed  to  be  possible  at  the  site  on  the  basis  of 
geological  and  seismological  evidence.  It  is  determined  by  regional 
and  local  studies  which  include  a complete  review  of  all  historic 
earthquake  data  of  events  sufficiently  nearby  to  influence  the  proj- 
ect, all  faults  in  the  area,  and  attenuations  from  causative  faults  to 
the  site. 


Mantle. 


The  part  of  the  earth's  interior  between  the  core  and  the 


crust.  The  upper  surface  of  the  mantle  is  the  Mohorovicic  discontinu- 
ity. 

Meizoseismal  Zone.  Zone  of  intense  shaking  in  the  near  field  of  an 
earthquake.  The  radial  width  of  this  zone  increases  with  magnitude. 

Microtremor.  A feeble  earth  tremor  resulting  from  natural  or  man-made 
forces,  i.e.,  micro-earthquake , micro-seismic. 

Minor  Principal  Stress  (see  Principal  Stress)  - The  smallest  (with  re- 
gard to  sign)  principal  stress. 

Model . A concept  from  which  one  can  deduce  effects  that  can  then  be 
compared  to  observation  which  assists  in  developing  an  understanding 
of  the  significance  of  the  observations.  The  model  may  be  conceptual, 
physical,  or  mathematical. 

Mohorovicic  (M)  Discontinuity.  Seismic  discontinuity  which  separates 
the  earth's  crust  and  mantle. 


Normal  Stress.  That  stress  component  normal  to  a given  plane. 
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Normal  Fault.  Vertical  movement  along  a sloping  fault  surface  in 
which  the  blockabove  the  fault  has  moved  downward  relative  to  the 
block  below. 


Operating  Basis  Earthquake.  The  "operational"  earthquake  is  generally 
more  moderate  than  the  maximum  earthquake  and  is  selected  on  a proba- 
bilistic basis  from  regional  and  local  geology  and  seismology  studies 
as  being  likely  to  occur  during  the  life  of  the  project.  It  is  gener- 
ally as  large  as  earthquakes  that  have  occurred  in  the  seismo-tectonic 
province  in  which  the  site  is  located. 


Overburden.  The  generic  term  applied  to  uppermost  layers  of  the  geo- 
logic structure,  usually  soil  layers  of  low  seismic  velocity,  overlay- 
ing rock  or  other  high  seismic  velocity  strata. 

P Wave  (see  also  Compress  ion  or  Body  Wave)  - Body  wave  in  which  the 
direction  of  the  particle  movement  is  the  same  as  the  direction  of 
wave  propagation.  Wave  velocity  is  commonly  measured  in  geophysical 
refraction  surveys  to  define  the  contact  between  the  dynamic  proper- 
ties of  competent  rock  layers  (high  velocity  materials)  and  softer  or 
less  competent  soil  layers  (low  velocity  materials). 

Fardcle  Acceleration.  The  time  rate  of  change  of  particle  velocity. 


Particle  Displacement.  The  difference  between  the  initial  position  of 
a soil  particle  and  any  later  position. 

Particle  Velocity.  The  time  rate  of  change  of  particle  displacement. 
Period.  Time  interval  occupied  by  one  cycle. 

P?rmeabi lity.  A measure  of  the  ease  with  which  a fluid  can  pass 
through  the  pore  spaces  of  a formation. 

Phase . The  angle  of  lag  or  lead  (or  the  displacement)  of  a sine  wave 
with  respect  to  a reference;  the  stage  in  the  period  in  which  rota- 
tion, oscillation,  or  variation  has  advanced,  considered  in  relation 
to  a reference  or  assumed  instant  of  starting. 


Poisson ' s Ratio.  The  ratio  of  the 
longitudinal  extension  when  a rod  is 
velocities  of  P waves,  Vp  and  Vg  , 
Poisson's  ratio, o’  : 


transverse  contraction 

to 

the 

stretched.  The 

ratio 

of 

the 

can  be  expressed 

in 

terms 

of 

Vp  = 20^  d)_ 

vs  = (1-2  cr) 

Pore  Water  Pressure.  Pressure  or  stress  transmitted  through  the  pore 
water  (water  filling  the  voids  of  the  soil  or  rock). 
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Principal  Stress.  Stresses  acting  normal  to  three  mutually  perpendi- 
cular planes  intersecting  at  a point  in  a body,  on  each  of  which  the 
shearing  stresses  are  zero. 

Pulse.  A waveform  whose  duration  is  short  compared  to  the  time  scale 
of  interest  and  whose  initial  and  final  values  are  the  same  (usually 
zero) . 


Rayleigh  Wave.  = R wave:  A type  of  seismic  surface  wave  which  propa- 
gates along  the  surface.  Particle  motion  is  eliptical  and  retrograde 
in  the  vertical  plane  containing  the  direction  of  propagation  and  its 
amplitude  decreases  exporen t i a 1 ly  with  depth. 

Response . The  motion  in  a system  resulting  from  an  excitation  under 
specified  conditions. 

Response  Spectrum.  The  response  of  a series  (or  spectrum)  of  simple 
oscillators,  with  a postulated  damping  ratio,  subjected  mathematically 
to  a particular  ground  motion.  The  response  spectrum  may  be  plotted 
as  a curve  on  tripartite  logarithmic  graph  paper  showing  the  varia- 
tions of  the  peak  spectral  acceleration,  displacement  and  velocity  of 
the  oscillator  with  its  vibration  period.  See  Damping. 

Rock . See  Bedrock. 

S Wave  (Shear  Wave).  Body  wave  in  which  the  particle  motion  is  at 
right  angles  to  the  direction  of  wave  propagation.  SH  and  SV  denotes 
planes  of  polarization  of  wave.  Wave  velocity  may  be  measured  by 
in-hole  geophysical  procedures  to  determine  the  dynamic  shear  moduli 
of  the  materials  through  which  the  wave  passes. 

Seismic  Wave.  An  elastic  wave  generated  by  an  earthquake  or  explosion 
which  causes  only  a temporary  displacement  of  the  rock  medium,  the  re- 
covery of  which  is  accompanied  by  ground  vibrations. 

Seismogram.  A record  of  ground  motion  or  of  the  vibrations  of  a 
structure  caused  by  a disturbance,  such  as  an  underground  detonation 
or  an  earthquake. 

Seismograph.  A system  for  amplifying  and  recording  the  signals  from 
seismometers. 

Seismometer.  The  instrument  used  to  transform  seismic  energy  into  an 
electrical  voltage.  Most  seismometers  are  velocity  detectors,  their 
outputs  being  proportional  to  the  velocity  of  the  inertial  mass  with 
respect  to  the  seismometers  case  (which  is  proportional  to  the  velo- 
city of  the  earth  motion).  But  below  the  natural  frequency,  the 
response  of  most  geophones  decreases  linearly  with  frequency  so  that 
they  operate  as  accelerometers. 

Shear  Wave.  - S wave  - transverse  wave:  A body  wave  in  which  the 
particle  motion  is  perpendicular  to  the  direction  of  propagation. 
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Standard  Deviation.  The  standard  deviation,  <j  , of  n measurements  of 
a quantity  X , with  respect  to  the  mean,  X,  is: 

“ (dr  £(*,-  &)* 

Strain.  The  change  in  length  per  unit  of  length  in  a given  direction 
which  a body  subjected  to  deformation  undergoes. 

Stratigraphy.  The  order  of  succession  of  the  different  sedimentary 
rock  formations  in  a region. 

Strength  of  Earthquake.  Generally  expressed  in  terms  of  the  peak 
ground  acceleration  recorded  or  predicted  for  a particular  earthquake, 
expressed  usually  in  g units,  where  lg  is  an  acceleration  equal  to 
that  of  gravity,  or  980  cm/sec*  . 

Strike-Slip  Fault.  A fault  in  which  movement  is  principally 
horizontal . 

Strong  Motion.  Ground  motion  of  sufficient  amplitude  to  be  of  engi- 
neering interest  in  the  evaluation  of  damage  due  to  earthquakes  or 
explosions . 

Structural  Features.  Features  such  as  faults  and  folds  which  are  pro- 
duced in  the  rock  by  movements  after  deposition,  and  commonly  after 
consolidation,  of  the  sediment. 

Surface  Waves.  Seismic  energy  which  travels  along  or  near  the  sur- 
face. Includes  Rayleigh  and  Love  waves. 

Surface  Wave  Magnitude.  See  Magnitude. 

Tectonic  Province.  As  defined  by  the  AEG,  it  is  a region  of  the  North 
American  continent  characterized  by  the  uniformity  of  the  geologic 
structures  contained  therein. 

Thrust  Fault.  An  inclined  fracture  along  which  the  rocks  above  the 
fracture  have  apparently  moved  up  with  respect  to  those  beneath. 

Transverse  Wave.  See  Shear  Wave. 


Tuff.  Various  types  of  consolidated  particulate  material  of  volcanic 
origin. 

V ibrat  ion.  An  oscillation  wherein  the  quantity  is  a parameter  that 
defines  the  motion  of  a mechanical  system. 

Viscosity.  The  cohesive  force  existing  between  particles  of  a fluid 
which  cause  the  fluid  to  offer  resistance  to  a relative  sliding  motion 
between  particles;  internal  fluid  friction. 

Wave  Length.  Normal  distance  between  two  wave  fronts  with  periodic 
characteristics  in  which  amplitudes  have  a phase  difference  of  one 
complete  cycle. 
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Feld spathic  amphibolite  gnclna  and  blotlte- 
plagloc  last-  gneiss,  with  m 1 gnut t U »• . 

Blotlte  gijnodior  lie  gneiss,  b tut  1 1 «•  I c ldspar- 
gneiss  and  augen  gneiss. 
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■ .ran  1 to  id  rocks,  blotlte  gneiss,  quartzofel  ‘s- 
pathic  gneiss  and  quartzite. 

Amphibolite,  amphibol  ite  gneiss,  hornblende, 
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Amphitiol  lte  and  qugen  gneiss. 
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schist . 
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Blotlte  gneiss  and  mica  schist. 
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'■ranitold  gneiss  and  quartz  fel .spsthlM 
Adamellite  j*poslt!  t.  < •.  i)„.  rt  # 


Ho  rnb 1 ende  gne 1 s » 


Amplilbolite  gntls. 
ent lated. 


gnel**  j 


Epldote  Quartzite 
sericite  Schist 


as  stated. 


CAROLINA  SLATE  BELT  OF  SOUTH  CAROLINA 
AND  LITTLE  RIVER  SERIES  OF  GEORGIA 


VOLCANICS 


1 

V 
2 

V 

V 

V 
Vd 
Vu 

Ma  Vm 


Met asedltoer.t b tnd  conglomerates. 
Hornblende  rlbbcn  gneiss. 
Epldote-hornblende  gneiss  and  a.  t.-.-baM^ 


3 

4 

5 


Blotite-quartz-mlca-feldspar  gneiss,  pot 
iuart r ser  .te  schist  and  felsic  voiegi 
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Meta-arglllite  and  metav"!-  anl  -• 


L'ltramaflc  and  abbrotd  complexes. 


Metavol  tallies,  eerie  it*  phylllteb- 
Quart *oae  phyllites  and  phyllltii  ...  Mat. 


hotnttfl  s- .toplilbol  i t*  aureole. 


Hlotlte  gneiss  and  mica  schist. 


■ rant cold  gneiss  and  quartzofeldspathio  gneiss, 
Adame  Mite  composition  in  the  core. 

Hornblende  gneiss. 

Amphibolite  gneiss  and  granitic  gneiss  undiffer- 
entiated. 


Basic  to  andesitic  volrwUs  and  meta-basalt. 


MODOC  • GOAT  ROCK  ZONE 


Seri. itc-mica  schist,  including  graniti  gna i 
and  felsic  gneiss. 

Button-mica  schist,  Ilsh-scnie  schist,  including 
cataclasllc  gneiss  and  augen  gneiss. 
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KIOKEE  BELT 


Quartz-feldspar  gneiss,  hornblende  gneiss, 
quartzite  and  slllimanite  schist.  Ale 
undifferentiated  within  the  belt  is  nl.  rite 
schist  and  amphibolite. 


Metased Iments  *nd  onglomerates. 


BELAIR  BELT 


Hornblende  ribbon  gneiss. 


i ;>tdote-hornbl*nde  gneis,  and  meta-basalt . 


Meta-argi  1 1 it-,  and  phylllte. 
Felsic  metavolcanisc . 


...  • rici 


,'uartz  set : it*  schist  and  felsic  voleantes. 


Metadaclte,  non-oorphvr it ic , and  tuffs. 


COASTAL  PLAIN 


Eocene  age,  Irvlnton  sand 


Llncolnton  tvpe-met ada. i te , quartz  phophory. 
V il  an  1 r s u 'different iated . 


Tuscaloosa  Formation 


Mafic  to  intermediate  metavolcanlis. 
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A schematic  section  of  the  rock  sequences  for  the  st rat igrapi-.v  of  the 
Hi  n.irl  H.  Russell  Dan  and  Lake  and  the  additional  surrounding  area  is 

A 

Figure  I.) 

The  knowledge  of  stratigraphy  in  this  area  is  incomplete.  Met  amor- 
alism. la ; k of  marker  beds,  faulting,  saprol i zat i on . laterit  izatmn  and 
IM  If  cmrtf  have  made  the  area  difficult  t-  . •'.*:»  t. 

. ossion  of  the  stratigraphy  is  here  presented  in  term*  if  lithologv  as 
opposed  to  f irmat tonal  name*  because  of  a lack  of  detailed  strat igraphif 

“a-  [ illustrates  the  general  geology  of  the  area.  The  section  Con- 
ners • *ppr  ’v.  i mate  I v 17a  km  (612. ODD  feet)  ,>)  metatnorph  i<  sedimentary  ind 

v | m i rmki  intruded  by  granite,  gabbro,  inj-  ted  by  serpentine  and  poa- 
«...  . n«  f.  ghlv  m..|.  I i zed  .ires  -f  J-nri«*  with  Uigmstitic  flanW-.  . Mer*w‘ 
in.  r i l>.  intruded  hv  gabbro  and  gneiss  are  the  predominant  rocks  in  the 
ri  • • • | • lamsie*.  Thd  (•  *'  I i rani  h • ■ iubrtafl 

to  Permian. 

The  age  relationship*  nf  the  parent  rocks  in  the  various  belt*  are 
• ' » m Hg-ire  6.  Overstreet  (|97<i)  Nt  at  es  that  t ii*>  met  amor  phi  sedimen- 
tary and  volcanic  rock#  in  the  Caroline  Slate  belt,  Charlotte  belt.  Kings 
s.-nnt  s i n-d.oundesv ille  belt,  and  Inner  Piedmont  belt  consist*  >f  three 
•trat igraphi  aequen.es  separated  bv  two  unconformities.  These  sequences 
•i  it? tain  Rravws  kies,  shale,  felsi.  and  mafic  tuffaceou*  sediments, 

r . f s and  lava.  Sparce  . mglomeratic  sandstone  and  limeston-  are  infer 

bedded  with  the  main  component*.  However,  in  the  study  area,  lim.-s'one  is 
absent.  Each  sequence  was  deposited  in  a subsiding  basin  with  the  western 
part*  of  successive  basin*  superimposed  on  each  other.  The  sequences  ex- 

tbm  continental  shelf  srss.  Over- 


m»t amOtrph i sm.  Ad  i scent  t"  the  Jamoite, 
pb  i . gradr.  Roth  regional  and  ,,<ntact  *■ 

r ' net  I ' • • • • • • 

A contact  aurole  of  hornlel*  most  pr->ba 
talhoun  Falls  gabbro  complex.  but  little 
morphism  in  the  area  of  the  damsite.  i 
thermally  altered  to  give  ihlorit-  *.  t<i 


schist*  and  amphibloitr.  In  the  Ktukee  belt,  a)*-  present  in  j •niis- 

teldipar -gneiss , hornblende  gneiss,  quailiit*  and  siilimanile  schist.  A. is 

Ml  lit*  intrude#  all  •(  the  above.  wtsetillr,  the  grade  runs  high  into 


n «•  knowledge  of  stratigraphy  in  this  area  ia  incomplete.  Metaaior- 

ph»*n,  U.k  of  marker  bed  a . faulting,  aaprol  tret  ion . latent  iaat  ion  ami 
thick  vegetative  lover  have  made  the  area  ditti.lt  to  interpret.  Tin-  ii*- 
•ossion  of  the  *r ret igtaphv  ia  heie  preaented  in  term*  t lithology  a» 

opposed  to  longer  tonal  names  because  of  a lawk  .>{  detailed  stratigraphic 
information. 

Map  1 illuatratea  the  general  geology  of  the  area.  The  section  * on- 
usts  ol  approximately  124  km  (412,000  teet)  ot  met  an  -i  ph  1 c sed  imeut  ar  v and 
volcanic  r intruded  hv  granite,  gabbro,  injected  by  serpentine  and  po»- 

highly  mob  • 1 i re-l  ire*  •!  .•mu**  with  migmatltic  f 1 nip  * . Metav"'- 

- rocks  intruded  ny  gabbr  • m.1  gneiss  ate  the  pr  edorn  t nan  t rocks  in  the 

iinmedtate  vicinity  ot  the  damsite.  The  geoltgii  age  ranges  from  Ptv.  iiabi  tan 
to  Permian. 

The  age  relati  uiship*  of  the  parent  rocka  in  the  various  belts  are 
shown  in  Figure  b.  Overstreet  (1970)  states  that  the  met  uinot  phic  sedimen- 
tary and  vol  anic  r * * in  the  iroline  Mate  belt,  Charlotte  belt.  Kings 
M»«u:it  a I n-Loundesv  1 1 le  belt,  and  Inner  Piedmont  bell  consists  j!  three 
str  at  igraptu.  se.juen.es  .-..-^stated  bv  two  unconformities.  These  »e.|ue.ues 
ea. n contain  gi aywn.k i ea . shale,  telai  and  mat;  tot t ace. ms  sediments, 

: . ud  lava.  bpar.e  oiig  1 omer a t i c sandstone  and  limestone  at.  intei- 

".  ' '•  •'  ettti  the  main  . -Ol . . uieilt » . HowVer.  In  t tie  study  area,  line-t  me  ’« 


A contart  aurole  of  hornfels  moat  probably  aurround  the  margin  of  the 

Calhoun  Kails  gabbro  simplex,  but  little  evidence  is  found  f >itai  t ■»•««- 

morphia*  in  the  area  of  the  damsite.  Cabbrou  dike...  rt.iyevrr  , are  hvdr  • 
thermally  altered  to  give  chlorite  *.  lusts.  These  dike.  .i- 
throughout  the  dams  lie. 

downstream  o!  tin  damsite  m tile  area  t Mark  Hi  I ; i .»»•  t*.  jat. 

belt  rocks  are  generally  greenschist  grade  and  extubll  |es«  met  «t  • jo  . 

alter  at  ion. 

' pair  ear.  t the  damsite,  met  amorph  le  grade  ii)<  Tea*.  am 
1 . 1 "".le.,v  I 1 le  be  It  l.a>  rv.  den.  . » !•  * L'M  ad.  XM.  I an.,  I pi.  I . 1,.1-lri, 

The  fine  .rained  rocks  exhibit  w- J i d.-v.  . , . i : . . .t  t . . ,t  , 

cleavage.  Tt*ev  have  been  altered  by  iilum  r pr.  i , pi„  ...  tu'  slates  * il 
phy  1 1 1 tea.  *'  «•  -,ir  ser  ' I ..st  i . s and  mat  1 1 t w r , ,r  i ..  . i 

rated  granit  .it  gneiss  and  41sp1.it  ‘1  ilr.  Tl.e  Inner  Pied  .«  .-  ■. jurat.  • ’■* 

.1  dl  scour  U, 1. 1 t V l-e(  Ween  u.t  C t / . ■ t • Idspalb)  gnel.s  j-.d  f - i,  ift.er  • 

limimto  ». '>i*.ts,  gneiss  and  amphibolite.  J *t..  ,aiti,  .-  * . r #. 

SI  !•  lien  laird  and  M .Sen  will  * rie  r v l der,,  . t ret  t ogf 

tie  r ‘<ks  in  t . study  slea  may  be  sir,  tiled  a.  a. 

• t ' • tat  ■ md  tuff  a h«v*  - r t m r pi 

due  e phy  line*  and  grertrst  ••«.  * which  make  ;•  it,.  !,  ; r . 

K | ikee  Kelt  kundst  opes  , w.».  sirs,  i gn.  • ,.i,  . t I a - ' • • . 

rocks  are  thiuugh  me  tumor  phis*  gneiss.  pyr  «eii.  garnet  > . tit. 

schists  and  ari|  lublotte.  In  the  Fi  r.e  belt,  present  *fe  quarta- 

I e 1 .Is  par  -gne  m,  hornblende  , juris.,  ,.,ir!/|i.  i . . i , 1 1 . • . st  . A 

me  line  intrudea  j i i ..t  the  it  v<  . latarallj  • • • gi  . i 

the  staorol  lt«— quartz  subf/nies  of  the  alman.t  1 1 e-  ampf.  it.  .He  fa  ■ ■«- 

ever,  some  dt->psidr  is  seen  in  the  mol  i igr..  i.  r r >. 

l.ut  Kivrt  ..  t i.-.  Iiacite  . maf  i ini  win  .•.!!.  .....  : . r . . • t . 

sequences  and  s.  Intents  make  op  the  l.ittJe  inn  M t.,.  i ... 

rocks  are  weakly  me  r omorph  l and  retain  *i.'  1 thru  i.ai,.;trr.  It.  gt*;.- 

l»  generally  lower  green* . h I St . Als  • present  jn  f.  be.!  li  I ",  . H. 

Itadtl  hr.  an  ‘ ’hr  i >:  • t .i  t . s . The  1 at  t • t ;•  derived  fme  tsr  aria* 

' - ' ' • ■ • ■ ' ’ I - 

dikes  are  present. 

Caruljna  Mate  Hr_lt  Siltatonra,  tofta  and  ary..  lit**  are  swtanorp'. 

• phy  I litMi  slatev  phvllitrs.  g*f|  arg  Ultra  « • 
sen.  Hr  s.  lusts,  my  Ion  He  gneiss,  graniti.  gneiss  arid 

Hus  belt  I*  equivalent  t . * the  Little  River  '.fie-  and  i*  green.  ' 
grade. 

Chari  cite  Kelt  This  is  a lit  hoi  >gv  ranging  fr.«  granite  t • has.  in* 
trust  vc  r i<  it,  v . .mi  toils,  ash  flows  and  *ed  linen'*  win  ’ a • • 
on  Jit.  .rphi . flange  to  atnph  ibol  It  e»  . granit.it  .■mis.,  siJlimar.Hr  i.I.iltk, 
b lot  i tr  gneiss,  set  t c ttv-biot  ur  sifiiat,  quartzite  and  gabbro  t *».  The 
gr  .dr  m the  Chari  tte  belt  is  a 1 mand  1 1 e-ampti  i h.  lit.  U in.  ■ .mmon  r.  - 
rral*  identified  in  field  study  were  mi  c r oi  1 me , n,*  vite.  'i  iip..- 

1 . nin.J.  *y  i 1 1 .■  Be  H These  deformed  and  ata  ;asti  r '.a..  -t 

• • roi  • • ire  , ■ . • 

*>•>;  ut.ol  ue,  ; .art  /-«•..*  .cite  v hista,  "butt-.r"  ■ »ust»t  t a.  t . 
phy I lite. 

Inner  Piedmont  The  flank  of  the  Inner  Piedmont  contain?  ,'urui  . 

i t quartzofeidapathic  origin.  Als,.  present  ere  mafic  at  1 argi  la* 
• eoua  r >•  k*.  Ltiese  lithologies  are  rrpre»ented  by  amphibolite,  granitic 
gneiaa  s i 1 1 imam  te— mi . a schist,  gneiss  and  bi.  title  hornblende  gnrm.  Tin 
grade  in  the  t 1 ank  portions  is  generally  stflurolite- quartz  aubfacie*  f 

inphil  itrfactea.  . • • leotif i< 

ai  mg  the  f.ank  portion  include  plagioclase,  quartz,  almandite,  ataur.  lite 
and  'llgoclasi-.  The  re  of  the  Inner  Piedmont  contains  ,i!m  . .f- . 

manite  s hist*,  gneiss,  feldspar-mi  l imam  tr  gneiss,  bttite  granodi.  rite. 

• . • • . 

Ally  M "t  upper  almandite~amphiboI ite  facie*.  Coosaoi  field  ■uarrala 

ii  ludi  sill  i nan  it-'  in  sill  itaani  te~alioani  de~mut  . - h tat . A - 

are  p lag  IOC  lose,  hornblende,  biotite  and  occasional  end  memtet  garnet* 
pink’  in  s i 1 1 i man  it e peaks. 

Struct ura ' Deformation: 


The  type  >•  structural  deformation  exhibited  in  the  rap  at-  ..  ; * •:  • I 

west  to  northeast  as  do  the  strikes  of  the  ma  j.-t  fault  zone*,  TV.  -jj  r 
the  foliation  and  bedding  is  quite  steep,  and  it  is  un.  .trtmon  t lint  • . 
ding  and  : illation  planes  with  less  than  a S '-deg-re.  tip. 

The  folding  style  observed  in  the  fitudv  area  -r  reperte!  • r • . . r * 
an  follows: 

In  the  Be  lair  belt,  the  style  is  one  of  shallow  northeast  pi  mg  inf 
tolls  with  steep  isoclinal  limbs.  Local  lisrupti  > t th«  style  i « o . t 
unknown  structural  elements.  Generally,  limbs  ar.  rteepiv  tipping  t,  t * 
southeast . 

In  the  Little  River  beries,  the  predominant  !-ll  ntv!.-  i*  i 
vertical  isoclinal  told*  with  gentle  plunge  r the  northeast.  Sear  .-one* 

■ etrativ*  deformation,  told  .Mod 

fault  zone  is  an  example  of  this. 

The  t >ld  style  in  the  Kiokro  Belt  is  fixed  by  a broad  ant icl in.  . 
Mortheast  I in'.,  have  northwest  dips  while  *’ithw«  *t  err,  Iimhs  tip  s-uf.a  st  . 
At  the  mesoscopic  level,  rocks  have  been  tightly  folded  with  steep  to 
• - • ; : • • . • • ■ • - 

■ • • ■ i ...  Multii 

slate  Belt  and  Kiokee  Belt  rock*  at  their  onta.t. 

In  the  Carolina  Mate  Belt  . Howell  and  -irk).  h"  teg.  rt  ttiat  r •;  - 
lot  t "•  criteria  indicate  that  i regional  * . • • ’.me  with  its  .ns  • : • w.-*t 
of  Parksville,  South  Carolina,  exists  in  the  argillites  f the  M,Itl.  Belt. 

■ . • - • the  fa 

, • M i 1 cl  Inal  fold* . sheared  t , • • • , I 

style  from  Parksvi 1 lc . South  Carolina,  and  t • the  north  flank  are  tvpj.ally 
cyl indroidal . 

The  Charlotte  Belt  consist*  >i  northeast  trending  southwest  plunging 

■ r turned  l - ■ . . - . • 

: 1 ’ northeaat  ttriklng  i*  etinai  fold*.  riff  in  (19?2«)  at 

sout i'  Carolina  the  fold  style  in  rtie  Charlotte  Belt  is  proMemati  at  tu- 

, poor  expo* u re.  TTia  atyle  appear*  to  hi  one  ipri^ht  | 

I s.»c  1 ines. 

In  t he  I -oimdeavil I le  Belt.  Urifftn  |97;a)  believe*  the  folded  mar 

PAttoi  i . irttcter. 

northwest  anf  southeast  ptedomnate  with  cross  trend*  at  fold  closure*. 
The  belt  close*  out  at  the  Savannah  River,  where  the  folds  plunge  t.  th, 

' 

is H lines  is  Suggested  for  the  belt. 

In  the  Inner  1* i edition t,  Griffin  il'i'.a'  show*  the  attitude  t ! nation 
within  the  Inner  Piedmont  core  to  steepen  toward  the  boundary  separating  .t 
• ■ f!  ink . Moderate 

crate  dtp*  art 

steeper  northwest  dips.  Griffin  suggests  a conical  fold  pattern  : -r  the 
Inner  Piedmont. 

Measured  patterns  in  the  study  area  suggest  that  joirtti.n.  - . 

related  to  folding. 

Faulting  Table  ? list*  mapped  faults  found  in  th.  *?  ,.|v  at.  .. 

•irr  mg  .in  t he  st  udv  area  are  the  tlire.  m.i  |or  t . . t ••  i t 1 , • . 

tte  Brevard  Zone,  Tow.il  i ga-Loundesv  i lle-Kings  Mountain  v ' ■ .•  k • k 

Ma  ’ ' ' 

tmlt*.  In  addition  to  the  above  faults,  there  ...  withi-.  th,  • 

ar.  I -ther  significant  tectonic  features  identified  hv  < r i ! t mi  a* 

tec  t oni  < slides.  These  slides  lire  observed  t o mark  h • n , -t  Ii*  m- 

t i mi  i t ica  m thi  tni  • >.  • > an  1 lit  hoi  Indi  ition 

is  seen  in  sluified  breccia  zones,  abrupt  changes  in  aftitud.  -f  foliation 
and  d i ».  >nt  mint  v in  net  amorphic  and  1 » t K*  o l ■ >- 1 t,.i,-. 

The  Belair  Fault  located  near  Augusta,  Georgia  is  m over  thrust  lault. 
In  ftus  fault,  the  H.'lait  metavohanic  basement  |«  tbruat  *v«-r  the  normally 
•v  riving  Tusral  ...sa  Formation. 

The  Patterson  Branch  Fault  i«  interpreted  to  he  a normal  fault. 

Th.  Diversion  (anal  fault  ■*  a shallow  angle  thrust  fault. 

The  faults  in  the  Linrolntnn  metadarite  and  th"  a< id  and  andean  I-  pv- 
f t oi  last i v sequence  are  normal  fault*. 


